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ABSTRACT
A Force Sensor Array for Space Applications
Timothy L Weadon
The need for force feedback and spatial awareness of contact in harsh environment applications,
such as space servicing, has been unsatisfied due to the inability of current sensor technology to resist
environmental effects. In this work, capacitive sensors based on a porous polymer-ceramic composite
structure were evaluated for potential use in future operations within robotic end-effectors, withstanding
temperatures ranging from -80 °C to 120 °C and forces up to 350 kPa. A thin-film design is utilized to
allow for ease of embedding, allowing sensors to be implemented into exciting robotic hardware with
minimal intrusion, and protecting sensors from electron bombardment, radiation, and point concentrations
from metal-on-metal contact. Furthermore, said embedding is proposed to protect against environmental
effects including electron bombardment, radiation, atomic oxygen, and damage caused by point
concentrations during metal-on-metal contact.
The novel sensor design optimizes constituent properties to maximize the response and reduce
background noise, hysteresis, and thermal and mechanical drift. Selection of continuants and design
parameters is presented explicitly, including synthesis and preparation of necessary materials and
execution of processing methods. Qualification of the design is achieved through thorough dynamic,
quasi-static, and long term static thermomechancial loading schedules ranging from -80 to 120 ºC and 20
to 360 kPa with in-situ electrical acquisition. The final composition is also shown to meet necessary
outgassing standards for in-orbit operations. Additional parameters are presented for selection of
necessary substrate and electrode materials, further optimizing the applied technology.
An analytical model for pressure sensors is also constructed, predicting the capacitive response of
a porous, polymer-ceramic composite under an applied pressure. Consisting of mechanical and dielectric
counterparts, the iterative model is constructed in detail. The elastic modulus of the three-phase material
is approximated by first considering only the polymer-ceramic composite mixture, and then incorporating
porosity into the solid composite model. A new model has been developed for approximating the
changing elastic modulus of porous polymers undergoing quasi-static compression, which induces the
collapsing pores. Necessary material constants were obtained from experimental data published in
literature. The permittivity of the paraelectric polymer matrix is modeled, accounting for piezodielectric
effects imposed by external pressure and thermally induced stresses caused by substrate pinning.
Similarly, the ferroelectric ceramic filler is modeled, considering changes in polarization caused by
thermally induced phase transformations in the crystal structure. The final model is evaluated against
experimental data, providing insight into composition and microstructure effects on the sensor response.
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Chapter 1 – Introduction
1.1. Statement of problem – the NASA Robotic Refueling Mission
The need for on-orbit servicing of satellites has recently been recognized on an international level and the
benefits to society and satellite manufactures is evident. In 2010 the satellite industry posted revenues of
$168.1 billion, with an annual growth averaging above 11% since 2005 [1]. Projections show that the
demand for new satellite launches is steady [2], and statistics show rapidly increasing on-orbit failures “to
worrying levels” [3].
Advanced robotic technology for space operations increases the capability to address common
on-orbit decommissioning or unplanned anomalies which can render a satellite as inoperable. These
anomalies include the depletion of a fuel source, failure to achieve or maintain proper orbital position, and
failure to deploy simple mechanisms. The effects of on-orbit failures or anomalies has statistically been
evaluated to reveal an approximate annual loss of $48 million for typical communications satellites [3].
Current engineering efforts are in process to prove the capability to robotically refuel, repair, and relocate
satellites in need of service. [4].
Spatial awareness of is essential for remote on-orbit robotic servicing. Current space robotic
systems lack the required force and spatial information necessary for preventing damage to hardware by
misguided contact, over gripping, or premature contact of robotic end effectors [5]. Commercially
available sensor arrays are incompatible for space use because of electrical and volumetric restraints, and
environmental conditions [6]. Current robotic systems utilize a range of technologies including
force/torque sensors, strain gauges, motor current calculations, and flexibility modeling [7]. While these
technologies quantify forces occurring at the end effector, they fail to report any information about
contact location, force magnitude, or slipping within the end effector during grappling procedures.
More advanced technologies have recently been proposed for on-orbit servicing including
capacitive proximity sensors (the capaciflector) for contact prediction and embedded spring elements for
force quantification within end effectors [6,8]. The capaciflector was not used for space applications, due
to inadequate levels of resolution. Furthermore, spring elements experience high drift, and were not
designed for complex tooling systems making integration into existing designs implausible. Additionally,
recent advanced force sensor technologies discussed in literature demonstrate the use of silicon-based or
micro-electromechanical (MEMs) sensors which are not suitable for high-force, high abrasion, harsh
environment applications [9].
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In order to meet the demands of on-orbit servicing applications, a number of environmental,
mechanical, electrical, and volumetric restraints must be considered. Environmental conditions are
encompassed by vacuum as low as 10-7 torr, temperatures ranging from -80 °C to 120 °C, electron/ion
bombardment, and radiation [10-11]. Charging and radiation factors will be addressed by embedding the
sensor materials within metal end-effectors. Thus, sensors must also be easily embedded into new and
existing robotic hardware, requiring the sensing material to be thin, flexible, and easily customized to
meet design requirements. Finally, sensors must have minimal power, hardware, and real estate
requirements.
Many sensor architectures have been developed in literature, allowing for dispersion of point
concentrations and acquisition of normal and shear stresses across multiple axes simultaneously. This
area has been thoroughly studied, and is not of immediate value for this work. In this work all
demonstrated applications assume contact surfaces will be larger than the sensor face, so that sensors are
not partially loaded. Contact forces are also assumed to be planar, resulting in a stress occurring across
the surface area of the sensor face. The surface roughness of these planar contacts (line and point
concentrations) is assumed not to exceeding 150 µm in depth. These assumptions are consistent with the
proposed metal-on-metal grappling of machined parts. Normal compressive stresses will be quantified in
this work, with a maximum stress of 350 kPa. The proposed use of the sensor system is broad, and
includes static and dynamic applications with a variety of contact dynamics.
Thin-film force and spatial sensors are most commonly fabricated using resistive, piezoelectric,
and capacitive activities for sensing. In addition to requiring charge amplifiers, piezoelectric sensors have
a known drift in the sensor output, requiring power and surface area for additional circuitry when used in
static applications. This limits their potential application in on-orbit servicing projects [13-14].
The piezoresistive sensor technology has been studied for many years, and is well understood. In
1925, Bridgman showed the first correlation between stress and resistance in polycrystalline metals,
introducing the piezoresistive effect [15]. Integrated piezoresistive sensors were fabricated by Tufte et al.
in 1962, using silicon diaphragms to measure changes in resistance as a function of pressure. Previous to
this work, single crystal metal strain gauges were glued to surfaces. This method introduced excessive
hysteresis and creep, as well as having low resolution [16]. Work by Malliaris et al. in 1970 showed that
adding conductive particles to a resistive matrix revealed a critical transition point, where the composite
begins to conduct electrically above a certain threshold of filler loading [17]. Soon after, Bueche showed
that conductivity in these materials was sensitive to temperature near the polymer melting temperature,
allowing them to be used as electrical temperature sensors [18]. In 1975, Harden filed for a patent, which
includes pressure versus resistance data for elastic materials filled with conductive particles [19].
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Piezoresistive sensors are currently among the most used and furthest developed sensors for force
response in micromachined devices [20]. Applications rage widely, including bio-compatible sensors for
use in human applications, online feedback for autonomous control of robotic systems, and high
resolution 2D sensor arrays [21-23]. However, these sensor systems are known to experience drift,
hysteresis, creep, and a loss in sensitivity [24-25]. In this work, piezoresistive sensors were used as a
method for testing and evaluating flexible electrode deposition, sensor packing, and fabrication of 0:3
composite sensor materials. This allowed for development of fabrication techniques in parallel with the
design of a more complex capacitive sensor technology.
This work proposes the use of capacitive sensor technology for the fabrication of force and spatial
sensor arrays as they exhibit high sensitivity, low drift, reduced temperature dependence, and require low
power consumption compared with piezoresistive sensors [26-27]. These sensors simply quantify the
difference in stored charge of the sensing materials as a function of strain, based on the equation of
capacitance:

𝐶=

ɛ𝑟 ɛ0 𝐴
𝑑

where C is capacitance, ɛr is the relative permittivity (dielectric constant), ɛ0 is the permittivity of free
space, A is the area, and d is the thickness. Capacitive force sensors function by characterizing the
relationship between an external pressure and a change in capacitance caused by the introduction of strain
(Δd). This relationship can either be experimentally modeled or predicted mathematically using the
compressive modulus of the sensor. The sensor response is defined as the change in capacitance caused
by an applied load, where ϵ is strain, E is the elastic modulus, and σ is the applied stress.

∆𝐶 =

ɛ𝑟 ɛ0 𝐴
ɛ 𝑟 ɛ0 𝐴
=
𝑑1 (1 + 1⁄𝜖 ) 𝑑1 (1 + 𝐸⁄𝜎)

Historically, capacitive sensors were fabricated using air as the dielectric material between two
electrodes. In an effort to simplify fabrication of the sensors, a thick film design was implemented which
allows for simple printing of the electrodes [26-28]. Additional improvements were made by introducing
high dielectric ceramics into the sensor films in order to enhance the capacitance, and thus the sensitivity
for small sensor feature sizes [29]. Ceramics are the most prevalently used material in the fabrication of
capacitors because of their high dielectric constant. Unfortunately, ceramic materials are not conducive
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for use in flexible, thick film capacitive sensors due to their high elastic modulus preventing high strain
levels.
The alternative use of ceramic-polymer composites instead of pure ceramics provides a means for
attaining a high dielectric constant while modifying the mechanical compliance of the material for use in
capacitive sensor applications. Such a composite should consist of isolated micro/nano-ceramic particles
within a polymer matrix to ensure consistent and homogenous mechanical and electrical properties. This
design was pioneered by Newnham et al., where connectivity of the microstructure was termed as a 0:3
composite. This notation denotes a filler phase with no interconnectivity in all three dimensions (0interconnectivity) within a matrix exhibiting three-dimensional interconnectivity (3-interconnectivity)
[30].
Most flexible force sensor technologies originated in the biomedical research area and lack the
design criteria for use in more extreme temperature environments and cycling conditions. Therefore,
many of these sensor platforms are not suitable for applications such as the on-orbit space servicing
application previously discussed [27-29]. The aim of this work is to initiate research on flexible,
capacitive force sensors based on a 0:3 composite design for use in harsh environments, specifically
aiming the architecture towards a film that may be embedded below a thin metal skin on current space
servicing robotic end effector designs. The thickness criteria for these sensors is defined by the need to
embed the active sensor material (with patterned interconnect leads) within the end effector in order to
protect the sensor from abrasion, and energy bombardment.
Selection of the active composite materials (ceramic dielectric and organic binder) was purposely
chosen to represent a classification of materials that would be representative of those that would be
demeaned space qualified. These material sets, and the methods and architecture used for the materials,
act as a standard baseline for the future use of space qualified materials in future work. Furthermore, the
scope of this work included the design and implementation of characterization and testing procedures
necessary for qualifying electromechanical and thermomechanical responses of the sensor materials in the
thermal conditions defined by in-orbit robotic operations. Evaluation criteria included the size constraints
(for ease of embedding in existing metal parts), electrical, mechanical, and thermal properties affected by
the material phase transitions and microstructure variables.
Currently capacitive sensors are used for a great variety of applications. Large capacitive sensor
arrays are used in most touch screen technologies, and new high resolution arrays have been developed
for replicating the force and spatial awareness of human skin [31]. Many sensors are also implanted in
humans and animals for biometric applications, and used for observing hand gestures or translating hand
motion to written language [32-35]. Recently the finite size, low cost, and high accuracy of these sensors
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has also led to use in structural health monitoring for a variety of civil and mechanical applications [3637].
As various polymer-ceramic composites are manufactured, using a diverse array of materials and
processing methods, results can vary significantly. Obvious composition variables include the intrinsic
properties of the polymer and ceramic materials, as well as, the volume fraction of the materials.
However, these materials inherently contain a number of non-linear mechanical, electrical, and thermal
attributes. The bulk material properties of composites become increasingly complex, as they are not
linearly related to the volume fraction of the constituents. Further yet, the unintentional introduction of
porosity (an additional phase) into the composite during processing has been found to unexpectedly alter
materials properties [38-39]. This has often led to errors in calculating the basic capacitance of an
unloaded material in a controlled environment [40-41].
An effort to obtain a better understanding of design variables has often led to analytical modeling,
and finite element analysis (FEA) using computer aided designs (CAD) in recent literature. Various
capacitive pressure sensors based on an open hollow membrane, or closed air-filled cavity, have been
designed using these theoretical approaches with great success [32,42-44]. More complex PVDF – PZT
(lead zirconium titanate) composites have also been modeled to predict the effect of PZT content on the
permittivity, dielectric loss, piezoelectric coefficient, and elastic modulus [45-47]. Theoretical predictions
of the piezoelectric effect were also made, showing the two-phase composites response to temperature
[48-49]. However, models for predicting thermo-mechanical loads on porous polymer-filled composites
are lacking.
Packaging of the flexible force sensor arrays has been developed far beyond the needs of this
work by such prestigious groups as Harvard, Berkeley, and Stanford [50-52]. However, these designs
cannot withstand the high loads and harsh environments required in this work. For this reason, a new
more robust design is necessary. Sensor packaging in this work is also focused on simplification of
processing methods, improvement of sensor response, and ability to be embedding in metallic or
composite substrates. Embedded sensors in composite aerospace applications have been shown to
introduce stress concentrations which weaken the structure [53]. Adding sensors to robotic gripper often
requires remanufacturing the gripping assembly, or implementation of bulky sensor packages [8,54].
The embedding of sensor arrays in aerospace grade materials, such as Ti-6Al-4V alloy and a
cyanate ester / carbon fiber composites, has proven to significantly reduce the strength of the materials
[53]. For applications such as the one currently being considered, this loss in strength is caused by the
introduction of a void space surrounding the embedded array, creating stress concentrations which result
in crack propagation within the material. As a result, significant alterations to the original end-effector
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design will be required to maintain its strength and rigidity unless a new method for embedding is
determined.
NASA’s work on the robonaut has suggested packing sensors within a large, mulit-layered glove
which will fit onto the robotic grippers, shown in figure 1 [55]. Designs such as this lack the ability to be
incorporated into designs having tight clearance requirements or autonomous applications requiring
minimal displacement after initial contact is made, and do not protect the sensor from overloading. This
work introduces sensor packaging techniques allowing for numerous embedded approaches. It also
proposes embedding techniques for both new and existing gripper designs.

1.2. Goals of research
The primary and overriding goal of this work is to accurately and consistently supply force and spatial
information within end effectors. Achieving this task in geostationary earth orbit, under high gripping
forces and metal-on-metal contact increases the need to be precise and intentional with all aspects of
sensor design, sensor packaging, and embedding. The achievement of this goal was performed in this
thesis by accomplishing the following tasks:


An evaluation of piezoresistive sensors was completed to identify the shortcomings of the
technology, and outline necessary improvements for use of the technology force quantification
applications.



Capacitive type force sensor compositions were evaluated using a through and extensive
experimental matrix, complimented by a comprehensive literature review. This work provided
the working mechanisms linking micromechanical, molecular, electrical, and thermal properties
to specific attributes of the sensor character, such as noise, drift, hysteresis, and sensitivity.



A complete analytical model was designed and implemented in Matlab®, using finite iterations to
predict the sensor response (capacitance) as a function of applied stress. This model allowed
theoretical designs to be evaluated computationally, furthering the capacitive sensor design.



Using conclusions from an experimental design, a literature review, and analytical modeling an
optimized capacitive sensor composition was proposed. The realization of the proposed design
was achieved through synthesis of new materials and alterations to processing methods. The
resulting material was characterized to demonstrate various attributes of the sensor character,
including cyclic loading, long-term static loading, and thermal effects.
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Numerous sensor packaging techniques were explored, presenting various approaches for
different applications. The role of sensor packaging on the sensor response was also discussed,
identifying sources of error which can be introduced if sensor packaging is not appropriately
carried out.



An embedding process for the NASA RRM marman ring gripper tool was successfully designed
and carried out. Characterization of the proposed design demonstrated the importance of each
embedding constituent, which in combination were shown to distribute point loads and quantify
contact stresses in grapping procedures experience metal-on-metal contact.

1.3. Organization of work
This work is composed of seven chapters, which collectively introduce, examine, and summarize the
aforementioned research objectives. The first chapter presents the need for robotic space servicing
missions, and the motivation to fulfill the said need. The necessity of quantifying force magnitude, and
the spatial mapping of forces for this mission are presented. This chapter also presents past work in the
area of force sensor arrays, making use of a literature review to present a number of topics pertaining
directly to various aspects of the sensor design and implementation.
The second chapter investigates the potential use of piezoresistive sensor technology to achieve
the desired force and spatial information. Summarized therein is experimental testing, and a list of
shortcomings of piezoresistive technology which must be overcome for the technology to provide
accurate and reliable quantitative force information. Additionally, this chapter presents much progress on
the topic of sensor packaging.
The third chapter presents a large experimental matrix, correlating the sensor properties with
variations in the sensor response for capacitive type sensors. This work is complimented by a literature
review, which identifies the working mechanisms which connects the sensor properties with the sensor
response. The chapter is concluded by identifying limiting factors for sensor parameters and proposing an
optimal sensor design. Chapter 4 furthers the design of the sensor composition, using analytical modeling
to predict the sensor response (capacitance) as a function of applied stress. This chapter provides
qualitative information concerning the role of volume loading for each composite sensor constituent, as
well as predicting outcomes for specific material properties of various constituents.
In the fifth chapter, the optimized parameters from the third and fourth chapter are functionalized
for the realization of a robust capacitive sensor composition. In some instances custom materials were
synthesized to meet design needs, and the sensor design was further improved by considering processing
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variations on the sensor response. After fabrication, sensors were characterized to demonstrate the
improved properties (increased sensitivity, decreased error).
Embedding of the sensor array was performed in the sixth chapter, as well as characterization of
the embedded sensor. This work provided information pertaining to various aspects of the embedding
process, such as the introduction of a silicone compliant layer and a titanium foil cover. The primary
achievements of this work are summarized in the last chapter (chapter 7). This chapter also includes a list
of future work, which the author has proposed for further improvements of the work.
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Chapter 2. Piezoresistive sensors and sensor packaging
2.1. Introduction
In an effort to fully evaluate piezoresistive sensor technology, both custom made and industrially
manufactured sensors were characterized. First a simple polymer-filler material was fabricated to show
the complexity of microstructure variables associated with piezoresistive materials. The purpose was to
demonstrate various sources of error which must be carefully considered when using piezoresistive
technology in force sensing applications. By identifying and improving sources of error, piezoresistive
technology has potential for many new force applications. The second sensor was purchased from
industry, having properties finely tailored to maximize response and minimize sources of error. These
sensors were used to demonstrate thermal effects on the microstructure of piezoresistive sensors.

2.2. Piezoresistive Testing
2.2.1. Experimental procedure
The sensor construction was initiated by the fabrication of a piezoresistive ink composition. Based on
work by Chang et al., the polymer matrix consisted of a 85 vol% PVDF (Alfa Aesar, 500,000 g/mol MW)
polymer binder matrix with 7.5 vol% BPA (bisphenol A, Alfa Aesar, 228.29 g/mol MW) used as a
modifier, and 7.5 vol% DEGBE (diethylene glycol monobutyl ether, Alfa Aesar, 162.23 g/mol MW) used
to assist as a solvent and dispersant for the organics [56]. A carbon black micro-powder was used as the
conductive filler. This filler had a large particle size distribution, and thin, brittle nature are shown in a
scanning electron microscope (SEM) micrograph in figure 1. The conductive filler was varied from 5
vol% to 30 vol% to adjust the sensor range and sensitivity, with the remaining portion being the polymer
matrix. The inks were mixed by first dispersing the modifier and carbon black in the solvents, then
adding the polymer binder with the assistance of a sonication wand. The solvent solution consisted of a
1:1 volume ratio of N-Methyl-2-pyrrolidone (nMP) and dimethylformamide (DMF), with a 25% solid
loading in the final ink solution.
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Figure 1. SEM micrograph of carbon black used as filler for piezoresistive sensors.

The sensor ink was deposited using a DEK 248 surface mount screen printer (DEK International,
Weymouth, Dorset, UK). Each specimen was printed with a diameter of 1 cm, using a 325 mesh screen
(UTZ TECHNOLOGIES, Little Falls, NJ). Aluminum foil substrates were prepared by soaking in 1 M
nitric acid solution for 5 minutes, rinsing in DMF, and then soaking in a second DMF bath for 5 min.
After drying in an oven at 80 °C, the samples were immediately printed onto the substrates. In this way,
the processing oils and surface oxides were removed and the surface chemistry of the aluminum substrate
was modified to promote both mechanical and chemical adhesion of the composite sensors.
The mechanical testing was performed on samples using a TA Instruments Q800 dynamic
mechanical analysis (DMA) instrument. Both the static and active clamp surfaces were prepared with
copper foil, providing electrical contacts for the sensor surface. A 1/8 inch thick weather-resistant silicone
compliance layer (McMaster Carr, #8632K44) was used in series with the active clamp of the DMA to
ensure full contact and homogeneous load distribution across the sensor face. The contact area for load
application had a diameter of 8 mm. The full thermomechanical loading setup is shown in figure 2. The
room temperature characterization of the sensor was performed using a quasi-static loading scheme with a
rate of 2 kPa/sec to a final load of 350 kPa. For each composition, a total of 5 specimens were tested,
having 5 test runs per specimen, resulting in a total of 25 test runs.
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Figure 2. Thermomechanical testing setup: a) DMA instrument, b) grip configuration for testing with in situ electrical
acquisition, c) compliant layer used to ensure homogenous pressure distribution.

The electrical response was recorded with a NI USB-6210 16-bit DAQ system, using the
provided 5 V power source. In an effort to optimize the resolution of sensor response with this system, a
circuit was fabricated to maximize ΔV during mechanical loading using a reference resistor of 3.89 kΩ.
This circuit is depicted in figure 3, and the sensor resistance is calculated using the equation:

𝑅𝑠𝑒𝑛𝑠𝑜𝑟 =

5 𝑅𝑟𝑒𝑓
− 𝑅𝑟𝑒𝑓
𝑉𝑜
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Figure 3. Circuit used to optimize sensor feedback resolution.

The industrially manufactured A201 FlexiForce (Tekscan, Boston, MA) sensors were purchased
fully fabricated as shown in figure 4, and were used for thermal characterization of piezoresistive
technology. Testing was performed as previously described, and was repeated for temperature of 40 °C,
80 °C, and 120 °C. These sensors were fully packaged, so electrical acquisition was performed by
soldering directly to the provided electrodes rather than using the copper contacts.

Figure 4. FlexiForce piezoresistive sensors purchased from Tekscan.
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2.2.2. Results and Discussion
The testing results for the fabricated piezoresistive sensors are represented by a single specimen for each
filler volume loading which was testing, rather than showing results from all five sensor specimens. The
room temperature sensor response (voltage) to mechanical loading (stress) is plotted for each carbon filler
volume loading in figures 5-8. Notice the large amount of noise (disarray of signal) and drift (change in
magnitude between runs) for each sensor. Piezoresistive results are displayed in terms of voltage rather
than resistance in this work, since resistance values are non-linear making results more difficult to
interpret.

Figure 5. Response (voltage) to an applied stress for a sensor with 5 vol% carbon filler.

Figure 6. Response (voltage) to an applied stress for a sensor with 10 vol% carbon filler.
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Figure 7. Response (voltage) to an applied stress for a sensor with 20 vol% carbon filler.

Figure 8. Response (voltage) to an applied stress for a sensor with 30 vol% carbon filler.

There are two primary factors contributing to piezoresistivity, which are consequently the two
factors which must be considered to understand sources of error. These are the resistance of a conductive
path between two electrodes, and the number of conductive paths between the electrodes [57]. These
paths are easily modified with applied stress/strain causing a drift in the sensor response. This is caused
by re-aggregation of filler-filler bonds, and degradation of the microstructure [58-59]. These properties
have long been studied, and much literature is available on these topics.
The sensor with a 5 vol% of carbon filler had a small response, as the resistance was not
significantly reduced with increased load application. Since the distance between the particles was large,
the change in distance induced by strain was minimal. At the 10 vol% filler concentration, the sensor
response was increased. This was in part established by conductive paths experiencing reduced particle
spacing, allowing lesser amounts of strain to more significantly influence the resistance of the bulk
material. The sensor experienced large jumps with the initial loading cycles as particles likely settled in
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the microstructure, increasing gaps in the conductive path. The spikes in the response begin to fade with
each additional cycle as the particles eventually come to rest. This occurs as gaps between particles in the
bulk material are reduced, as alternative conductive paths are made available.
At a 20 vol% filler loading, sufficient conductive paths are available to prevent such gaps from
affecting the sensor response. However, there remains a notable drift between test cycles, and nonlinear
trends begin to be introduced by the last cycle as the microstructure degrades and particles move. The
sensors with a 30 vol% filler loading experience shorting as particles become too close. This can be seen
on both a large and small scale. Initial jumps in the sensor response are small, as short chains of filler
materials begin to make contact. With additional loading cycles, the chains become longer and the sensor
response degrades with increased shorting lengths (leakage currents).
Flexible, thick-film force sensors capable of quantifying high loads are limited in industrial
availability. Flexiforce sensors, produced by Tekscan, were found to meet these requirements and were
tested for their ability to withstand thermomechanical loadings schedules. A single representative sensor
response is shown to summarize the results of thermomechanical testing. The sensor response (voltage)
under mechanical loading up to 350 kPa is shown in figure 9 for testing performed at temperatures of 25
°C, 40 °C, 80 °C, and 120 °C.
The FlexiForce sensors performed excellently at room temperature, as the microstructural
properties were carefully tailored to prevent excessive drift and noise. However, thermal loading of 40
°C introduced nonlinear characteristics, and at 80 °C additional nonlinear attributes and drift were
introduced. The thermally induced nonlinearity is error, quantified by having a root-mean-square error of
0.41 at 40 °C and 0.89 at 80 °C when compared with the 25 °C results. At 120 °C the sensors persisted
only through one or two stress cycles at best, and failed entirely under additional loading cycles.
Advancements in piezoresistive technology are feasible pending advancements in microstructural
properties, the incorporation of new polymers and filler materials to reduce microstructure movement and
degradation, and thermal effects caused by thermal prosperities of individual constitutes [60]. However,
these microstructural challenges are extensive as compared with capacitive sensor technology. As a
result, this work will not use piezoresistive sensors for harsh environment applications. Meanwhile, the
piezoresistive sensors will be used for evaluating sensor packing, since they are simple to manufacture,
and data acquisition is more easily performed.
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Figure 9. FlexiForce sensor response (voltage) under a ramp load up to 350 kPa for temperatures of 25 °C, 40 °C, 80 °C, and
120 °C.

2.3. Sensor packaging
2.3.1. Development of electrode patterns
The first major objective in sensor packaging is the design and fabrication of a durable, flexible, thin-film,
patterned electrode. In an effort to achieve this goal, two primary approaches were taken: 1) screenprinting and drying of an ink to form a thick polymer/Ag film, and 2) DC sputtering of an Ag thin film.
Conductive inks were fabricated using the same binder matrix as the piezoresistive inks (PVDF, BPA,
DEGBE), but using a high volume content of silver micro-powder as the filler (85-95 vol%). Conductive
inks were screen printed onto Teflon® films, which were mechanically treated by the manufacturer to
promote physical adhesion of the inks, and untreated Kapton® polyimide films.
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The electrode’s flexure durability was tested by evaluating increased resistance as a function of
crease folding. Kapton® and Teflon® films were prepared with printed electrodes, and resistance was
measured with a digital multimeter (DMM) before and after continued crease folding repetitions. Crease
folds were applied by simply folding the film back upon itself, and applying approximately 1 lbf to the
fold by hand. While the electrodes exhibited great conductivity under high radius flex, they were found
to experience cracking during the crease folding which ultimately resulted in a loss of conductivity. The
ink was modified using menhaden fish oil (Z-3, Tape Casting Warehouse, Marrisville, PA) as a surfactant
to disperse the silver filler. Additional organics were also implemented during fabrication of the polymer
binder to promote flexibility of the electrodes, such as methacrylamide (MAM), N-NMethylenebisacrylamide (MBAM), and N,N,N,N Tetramethylethylenediamine (TEMED). However, the
crease fold strength of the electrodes was not notably advanced. The electrodes were also found to
delaminate from the film substrate during printing of the sensor composition, which shared a common
solvent.
The sputtered electrodes offered superior resistance to crease folding, though the fabrication
process is more extensive. The first step in photography is deposition of photoresist on the substrate.
Telflon films were found to have poor wetting characteristics, and were coated with an adhesive agent,
hexamethyldisilazane (HMDS) prior to being coated with the photoresist. However, the HMDS was not
removed during the exposure and development process, causing the electrodes to be removed during the
lift-off process.
A new method was designed for wetting the Teflon® substrates. The Teflon® substrates were
coated with photoresist using a two-stage process to promote wetting. First, the films were placed on a
polished wafer and AZ 5214 E image reversal photoresist was applied while a spin coating speed of 6,600
rpm was maintained for 60 seconds. This was the minimum speed found to consistently overcome
wetting resistance with centrifugal force. If the vacuum on the chuck was not maintained or if the wafer
was not properly centered, silicon wafers were found to release and shatter. For this reason comparable
polished aluminum wafers were used. The film was immediately removed and dried on a hot plate at 95
°C for one minute; higher temperatures were found to deform the Teflon® film.
Because of the high rpm, the thickness of this photoresist layer was considered to be negligible.
Sequential deposition steps of the photoresist were performed, where the deposition chuck was ramped at
330 rpm/sec to 440 rpm. The 440 rpm was maintained for 10 seconds before ramping at 440 rpm/sec to
3,000 rpm. The 3,000 rpm was maintained for 15 seconds before the spinner was turned off. The film
was removed and dried on a hot plate at 95 °C for three minutes. The coated films were loaded into the
Microtech MA6 mask aligner and exposed for 200 seconds. They were then developed in AZ 310 MIF
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for approximately 30 seconds. DC sputtering was performed to deposit a thin metallic layer, and an
acetone lift-off process was performed to obtain the patterned electrodes.
Numerous metals and deposition thicknesses were evaluated for sputtering, testing conductivity
and resistance to cracking under crease folding. Copper was found to have excellent adhesion with the
Teflon® film, and aluminum experienced cracking and flaking caused by poor adhesion. Both copper
and aluminum were found to form an oxide over ambient exposure, resulting in extremely low or nonconductive films. For this reason, silver and platinum were evaluated for potential use. Platinum was
found to have better adhesion and resistance to cracking, though silver was comparable. Sputter
thicknesses were estimated from sputter time with prior knowledge of deposition rate established using an
alpha step stylus profiler (profilometer), revealing a narrow optimal thickness in the range of 0.5 to 1 µm.
Films thinner than 0.5 µm lacked interconnectivity, resulting in poor conductivity. Alternatively, films
thicker than 1 µm became dense and bulky, experiencing a brittle nature with cracking.

2.3.2. Design of layered packaging techniques
Full packaging of the sensor is required to protect the array from electrical shorting and mechanical
abrasion. In this section, all of the proposed packaging techniques included a 5 layer design. Shown in
figure 10, this design uses power and ground electrodes sputtered onto the polymer substrates, and a
sensor material is printed onto the powered electrode. It is important to note that after adhesion of the two
polymer substrates between electrodes, the sensors sensor rests in an open circuit configuration until
minimal pressure is applied to promote contact between the electrodes.
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Figure 10. Sensor package design, showing protective polymer films and electrode patterns.

Adhesion of the polymer substrates was carried out using a variety of methods. A double sided
tape was adhered to Mylar film and shaped with a laser cutter, then transferred to the polymer backings.
Use of tape was widely successful and simple to implement, though even thin layers of tape notably
increased the distance between electrodes which causes the sensor to rest in open circuit. Gluing the
substrates was more difficult and results varied, though it reduced the gap size which causes an open
circuit before loading of the sensor. This is the method used in industry for flexible film piezoresistive
sensors.
The most successful gluing method was accomplished by cutting a thick-film with a laser cutter,
creating a shadow-mask. The mask was then laid over the sensor backing and an aerosol based adhesive
was sprayed, being deposited on the backing where the shadow-mask did not cover. Various sensor
packages fabricated with different adhesion methods are shown in figure 11. Neither the use of a heat
press or plastic welding were successful, as both caused small deformation in the polymer film which
caused cracking in the electrodes. Cracking of the electrodes caused by thermal treatment is shown in
figure 12.
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Figure 11. Thin film piezoresistive sensors adhered by a) paper based tape, b) aerosol based glue, c-d) polymer based tape.

Figure 12. Electrode cracking caused by deformation of the polymer.

Packaged sensors were embedded in a rubber matrix in an effort to demonstrate their potential
use in composite material designs. The polymer substrates were perforated to allow for interconnection
of the matrix, assisting with the reduction of point concentrations caused by implementation of a foreign
object in the composite laminate structure. The embedded sensors were not tested, but were used to show
embedding potential for future applications. Embedding was performed by pouring the desired matrix
material into a mold prepared with a generic release agent (figure 13), placing the trimmed and perforated
sensor array onto the mold, and then pouring additional matrix material over the back of the sensor array.
The aluminum mold was agitated vigorously by hand to assist with removal of bubbles in the matrix.
Figure 14 shows one such embedded sensor array, where small hillocks were implemented to encourage
contact at the location of the sensors, and to assist with dispersing point loads across the sensor face.
Using a two-part conductive silver epoxy diluted by approximately 30 vol% acetone, 130 µm silver wire
was adhered to electrodes.
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Figure 13. Aluminum mold for casting an embedded sensor prototype with hillocks to ensure first contact on sensor face.

Figure 14. Embedded sensor prototype, showing a thick-film sensor embedded within a rubber matrix.

These simple piezoresistive prototypes function well for quick production, custom, disposable
sensor arrays for lab testing. When prepared with an adhesive backing, the sensors can be quickly be
implemented into existing robotic grippers with no modifications or damage to the grippers. When the
sensors are combined with an RJ-11 jack and a graphic user interface (figure 15), these sensor packages
have been integrated as a plug-and-play solution for force and spatial awareness for robotic
demonstrations.
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Figure 15. Demonstration of plug-and-play sensor use: a) applying sensor and connecting to DAQ, b) sensors used for real time
contact information with graphic user interface.

The processing design shown in figure 10 was found to produce sensors that occasionally open
circuit, since the electrode layers are not intimately bonded to the sensor composition. This same issue
was found with the industrially available FlexiForce sensors. In order to further improve the design, new
processing procedures were proposed. As shown in figure 16, the same five layers are proposed differing
only in deposition technique of the electrode and insulating layer added after the sensor composition.
After depositing the electrode pattern and sensor composition onto the Kapton® film, the platinum
ground electrodes are added using photolithography processes. Finally, a top insulating layer composed
of silicone is deposited by spin coating. The final package is trimmed using a laser cutting system. Use
of Kapton® film, controlled volatility (designed to meet outgassing standards) silicone, and platinum
provided a sensor package able to resist thermal and outgassing effects. The package demonstrated in
figure 16 has total thickness of 50 µm.
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Figure 16. Sensor package: a) deposition schedule for sensor package fabrication, b) fully fabricated sensor package, c)
thickness as compared with a penny, d) flexibility of sensor package.

The use of a metal foil substrate was proposed to replace the Kapton® film. In this design the
metal foil was used as the power electrode, further simplifying the design previously proposed. By using
a material such as aluminum, the outer surface of the foil could be oxidized to provide an electrically
insulating barrier. This design would provide a barrier to protect from radiation and electron
bombardment. However, initial testing using a variety of polymers revealed that a large rate dependent
hysteresis was being introduced into the sensor response. This can be seen in figure 17, where the sensor
response (capacitance) and applied load are plotted against time. The time delay between the stimulation
(force) and response (capacitance) is the result of the rate dependent hysteresis. Work in literature has
shown that the elastic modulus, internal stress, and strain vary along the transverse axis of the polymer
film when it was rigidly bound to a metal substrate [61]. It is believed that these attributes introduce the
observed viscoelastic behavior.
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Figure 17. A mechanical stimulation (force) applied to show the sensor response (capacitance) both as a function of time. The
delay between stimulation and response reveals a rate dependent hysteresis.

Alternative processing methods were developed in this work to prevent this anomaly. A release
agent was prepared by adding 10 wt% of polyvinyl alcohol (PVA, Celvol 502, ~15,000 g/mol) to DI
water and the solution was then stirred at 80 °C for 20 min. Glass substrates were hand dipped into the
solution, and immediately placed in a vacuum oven at 80 °C and 15 in Hg for 3 hrs. The composite
sensor material based on most solvents besides water and ethanol can then be deposited. Since polymers
that adsorb water are undesirable for harsh environment applications, this design allows for casting of
nearly any desired material without wetting of the PVA release layer.
After casting and curing of the sensor material into a film, the glass substrate is submerged in
water and sonicated using a AMSCO Reliance Sonic 150 sonication bath at 69 °C. If the edges or corners
of the film adhere to the substrate they are trimmed, allowing the film to release. If a thick film was
fabricated, it was simply removed by hand. In the case that a thin film is desired, the film was carefully
lifted until the surface tension of the water suspended it perfectly across the top of the water. As shown in
figure 18, a piece of Mylar film was then carefully placed against one edge of the film, and dipped into
the water to retrieve the film. Using a laser cutter, the film was trimmed and shaped for the desired
application. Finally, the film was placed on the metal foil or other substrate. Using this procedure, rigid
bonding with the metal foil substrates was prevented, eliminating the observed rate dependent hysteresis.
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Figure 18. Thin film sensor composition being retrieved from a water bath after being released from the glass substrate.

2.4. Conclusions
In this work, the importance of the polymer-filler microstructure on piezoresistive sensor properties was
briefly demonstrated. It was demonstrated experimentally that the conductive filler volume loading has a
significant impact on the sensor performance, including sensor response drift and noise. It was also
demonstrated that degradation of the polymer matrix heavily contributes to sensor longevity. Using high
performance piezoresistive sensor from industry, thermal effects on the sensor microstructure were
evaluated. The results showed that thermal loading had a large impact on microstructural degradation,
increasing filler mobility and ultimately destroying the sensor.
Improvements to the microstructure could be made by the substitution of more robust material
counterparts, and detailed evaluation of polymer-filler interactions. However, long term use the sensor
will still result in some fraction of degradation and other sensor technologies are available to avoid such
drawbacks. This will be further discussed in chapter 2. Piezoresistive sensors have demonstrated the
ability to act as an inexpensive means for testing of sensor packaging techniques, and preliminary lab
demonstrations. Use of an adhesive backing was used for quick installation of sensor packages, and a
graphic user interface was developed to give real time spatial and force information.
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Methods for preparing various sensor packages have been introduced, including the need for
controlled volatility and thermally resistant polymers, and conductive thin-films not prone to oxidation.
The primary design is based on a polymer film substrate, depositing electrodes and sensor materials layerby-layer. The ability to embed sensor packages within a composite has also been briefly demonstrated.
New processing strategies have been established to prevent the introduction of a rate dependent hysteresis
in sensors deposited on metal foil substrates. Use of metal foils as a substrate is proposed to reduce the
effects of radiation and electron bombardment.
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Chapter 3. Experimental Design of a Ceramic-Polymer Capacitive
Force/Spatial Awareness Sensor Composition.
3.1. Introduction
In order to meet the demands of embedded, harsh environment applications, a number of
environmental, mechanical, electrical, and volumetric restraints must be considered. For example, the
environmental conditions of space include pressures lower than 10-7 torr and temperatures ranging from 80 °C to 120 °C (geostationary orbit). The space environment also includes additional complications due
to electron/ion bombardment and radiation [62-63]. In order to meet the contact load requirements,
sensors must withstand and measure pressures up to 350 kPa in both static and dynamic modes, and
potentially endure direct abrasion with metal contacts, in addition to the other energy bombardment issues
described.
Thick film force sensors are the most commonly fabricated architectures using resistive,
piezoelectric, and capacitive activities for sensing. Resistive sensors include strain gauges, piezoresistive
polymers and elastomers, and quantum tunneling composites. These sensors have commonly shown drift,
hysteresis, creep, and a loss in sensitivity making them unsuitable for applications requiring accurate
force quantification throughout the lifetime of the sensor [64-65]. In addition to requiring charge
amplifiers, piezoelectric sensors have a known drift in the sensor output, requiring additional circuitry
when used in static applications. This additional circuitry requires additional power and volume for
functionality, which limits their potential use in confined locations [66] [67].
This work proposes the use of capacitive sensor technology for the fabrication of force sensor arrays
since they exhibit high sensitivity, low drift, reduced temperature dependence, and require low power
consumption compared with piezoresistive sensors [68-69]. The functionality of these sensors is based
upon a change in capacitance as a function of strain which reduces the thickness of the material, as
described by the following relation:

∆𝐶 =

ɛ𝑟 ɛ0 𝐴
𝑑1 (1 + 1⁄𝜖 )

In this equation, ΔC is the change in capacitance (sensor response), ɛr is the relative permittivity
(dielectric constant), ɛ0 is the permittivity of free space, A is the area, and d1 is the initial thickness, and ϵ
is strain. Capacitive force sensors function by characterizing the relationship between an external
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pressure and a change in capacitance caused by the introduction of strain (Δd). This relationship can
either be experimentally modeled or predicted mathematically using the compressive modulus of the
sensor.
Historically, capacitive sensors were fabricated using air as the dielectric material between two
electrodes. In an effort to simplify fabrication of the sensors, a thick film design was implemented which
allows for simple printing of the electrodes [67-69]. Additional improvements were made by introducing
high dielectric ceramics into the sensor films in order to enhance the capacitance, and thus the sensitivity
for small sensor feature sizes [70]. Ceramics are the most prevalently used material in the fabrication of
capacitors because of their high dielectric constant. Unfortunately, ceramic materials are not conducive
for use in flexible, thick film capacitive sensors due to their high elastic modulus preventing high strain
levels. The alternative use of ceramic-polymer composites instead of pure ceramics provides a means for
attaining a high dielectric constant while modifying the mechanical compliance of the material for use in
capacitive sensor applications. Such a composite should consist of isolated micro/nano-ceramic particles
within a polymer matrix to ensure consistent and homogenous mechanical and electrical properties. This
design was pioneered by Newnham et al., where connectivity of the microstructure was termed as a 0:3
composite. This notation denotes a filler phase with no interconnectivity in all three dimensions (0interconnectivity) within a matrix exhibiting three-dimensional interconnectivity (3-interconnectivity)
[71].
Most flexible force sensor technologies originated in the biomedical research area and lack the
design criteria for use in more extreme temperature environments and cycling conditions. Therefore,
many of these sensor platforms are not suitable for applications such as the on-orbit space servicing
application previously discussed [68,70]. The aim of this work is to initiate research on flexible,
capacitive force sensors based on a 0:3 composite design for use in harsh environments, specifically
aiming the architecture towards a film that may be embedded below a thin metal skin on current space
servicing robotic end effector designs. The thickness criteria for these sensors is defined by the need to
embed the active sensor material (with patterned interconnect leads) within the end effector in order to
protect the sensor from abrasion, and energy bombardment.
Selection of the active composite materials (ceramic dielectric and organic binder) was purposely
chosen to represent a classification of materials that would be representative of those that would be
demeaned space qualified. These material sets, and the methods and architecture used for the materials,
act as a standard baseline for the future use of space qualified materials in future work. Furthermore, the
scope of this work included the design and implementation of characterization and testing procedures
necessary for qualifying electromechanical and thermomechanical responses of the sensor materials in the
thermal conditions defined by in-orbit robotic operations. Evaluation criteria included the size constraints
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(for ease of embedding in existing metal parts), electrical, mechanical, and thermal properties affected by
the material phase transitions and microstructure variables.
There are a number of variables to be considered in optimizing sensor properties, including sensor
thickness, ceramic composition/particle size/volume content, the molecular weight and molecular
architecture of polymer and modifier components, and the polymer/modifier ratio. A full two level
design of experiments for evaluating all seven variables would require 27 samples, which considering 5
specimens per sample results in 640 sensors to be characterized. In an effort to maximize efficiency,
allowing for an increased number of experimental characterization procedures being performed on each
specimen, use of a Taguchi experimental design matrix was implemented. The Taguchi method works by
using combinations of results to statistically approximate the influence of a single variable. This is
explained in more detail in section 3.2.1. From this experimental design, an 8 sample matrix (40
specimens) was required to be tested for each characterization method.

3.2. Experimental
3.2.1. Taguchi Design of Experiments
The Taguchi method was used to design and evaluate the experiments within this work in order to
quantify the effects previously described on the sensor performance. The design includes seven unique
variables, each having two layers as shown in Table 1. This design is referred to as a 27 matrix (or L8),
since it requires eight different compositions to evaluate seven variables, with two layers each. While the
two layer design falsely assumes linear trends for all variables considered, it significantly reduces the
number of sensor compositions required to complete the testing matrix. This design was strategically
selected to decrease testing time, allowing for basic trends to be evaluated for a large number of different
testing procedures. The influence of a single variable is approximated by taking the average of all sensors
with each level of the variable being considered. For example, the effect of the sensor thickness is found
by considered the average properties of sensors A-D, and that of sensors E-H.
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Table 1. Taguchi Design of Experiments.
Sensor
A

a

Thickness

Dielectric Material

Particle Size % Dielectric Filler

150/300 µm

PZT/BaTiO3

100 nm/1 µm

10/20 V%

150 µm

PZT

100 nm

10 V%

Modifier : Binder
1:8 / 1:4

Binder
a
PVDF/PVP

Modifier
DEGBE/MPTS

1:8

PVDF

DEGBE
MPTS
DEGBE

B

150 µm

PZT

100 nm

20 V%

1:4

C

150 µm

BaTiO3

1 µm

10 V%

1:8

PVPa
PVPa

D

150 µm

BaTiO3

1 µm

20 V%

1:4

PVDF

E

300 µm

PZT

1 µm

10 V%

1:4

PVDF

MPTS

F
G

300 µm
300 µm

PZT
BaTiO3

1 µm
100 nm

20 V%
10 V%

1:8
1:4

PVPa
PVPa

DEGBE
DEGBE

H

300 µm

BaTiO3

100 nm

20 V%

1:8

PVDF

MPTS

MPTS

Mixture of 50% PVP and 50% PVDF

3.2.2. Materials and Processing
As seen in Table 1, the eight sensors were labeled A through H for ease of reference. Both the polymer
binder and organic modifier materials were used off-the-shelf with no modifications, and were chosen by
their differences in molecular weight and molecular architecture. Sensor materials consisted of
polyvinylidene fluoride (PVDF, Alfa Aesar, 500,000 g/mol MW), polyvinylpyrrolidone (PVP, Fisher
Scientific, 8,000 g/mol MW), diethylene glycol monobutyl ether (DEGBE, Alfa Aesar, 162.23 g/mol
MW), and 3-Methacryloxypropyltrimethoxysilane (MPTS, Alfa Aesar, 248.35 g/mol MW). The
modifiers were chosen for the differences in their molecular architectures, having simple surfactant like
features and complex adhesion promoting features, modeled in figure 19.

Figure 19. Polymer binder and organic modifier molecular architectures.

The ceramic Pb(Zr,Ti)O3 (PZT) with a property of Navy Type II (Piezo Kinetics Inc., PKI-502) and
an average particle size of 1 µm was used in this work. The room temperature dielectric constant of this
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material was 2,000 at 1 kHz. In an effort to attain a second particle size of 100 nm, a portion of this
material was attrition milled with 200-400 µm Ce-stabilized zirconia oxide grinding media in an ethanol
solution for 10 h. After milling, laser diffraction particle size analysis (Malvern Mastersizer 2000S) was
completed, which showed that the desired particle size had been achieved. Scanning electron microscope
(SEM) micrographs revealed an increased number of particles in the range of 100 nm, but a population of
~1 µm particles remained after the milling process, as shown in figure 20a. The ceramic BaTiO3 (BTO,
Inframat, Manchester, CT) was used with a particle size of 100 nm and a dielectric constant in the range
of 4,000 [72]. A portion of material was thermally coarsened to attain a second particle size of 1 µm,
using a temperature of 600 °C for 2 h with heating and cooling rates of 3 °C/min. The resulting material
was ball-milled with 6.25 mm cylindrical Mg-doped ZrO2 media in an ethanol solution until laser
diffraction particle size analysis showed that the desired particle size had been achieved. SEM
micrographs showed the increased particle size to be a result of mass agglomeration rather than
coarsening, with agglomerations ranging from 1 to 5 µm.

Figure 20. SEM micrographs of the ceramic particles (a) milled PZT, (b) as-received PZT, (c) as-received BTO, (d) calcined
BTO.

Fabrication of the 0:3 connectivity composite was initiated by creating a solvent solution in a
Nalgene container, consisting of nMP and DMF with a 2:1 ratio by weight. The PZT or BTO particles
were added to the solution, and dispersed by sonicating for 1 min at 30% power with a Sonics Vibra-cell
sonication wand. The modifier material, DEGBE or MPTS, was added using a pipette. The PVDF or
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PVP polymer was weighed, then added to the solution and mixed with the unpowered sonication wand.
After combining the ingredients, the solution was further sonicated for 2 min at 95% power. Immediately
following this step, the solution was poured onto a Mylar film and cast using a micrometer adjustable tape
casting blade with a 5 cm doctor blade. The casting thickness was set to 150 µm or 300 µm and a feeler
gauge was used to verify the thickness. The resulting film was left at atmospheric conditions for 48 h,
and then dried in a vacuum oven at 70 °C and 15 in Hg for 48 h. Compositions E and H were an
exception, as they required significantly longer drying times to prevent curling of the films. Electrode
films were sputtered on either side using a CVC 610 DC magnetron sputter station with a 5 cm Ag target,
a vacuum of 5.0x10-6 torr, and an Ar flow rate of 6 ccm, to achieve a thickness of approximately 500 nm.
Sensor specimens were created from the film using an 8 mm diameter punch (unless when otherwise
noted).

3.2.3. Testing Schemes
Mechanical testing was performed on the film samples using a TA Instruments Q800 dynamic mechanical
analysis (DMA) instrument. Both the static and active clamp surfaces were prepared with copper foil,
providing a smooth and full surface for electrical contacts with the silver sputtered sensor faces. A
weather-resistant silicone compliance layer was used in series with the active clamp of the DMA to
ensure full contact and homogeneous loading. Unless otherwise noted, electrical measurements
(capacitance and dielectric loss) were completed using a BK Precision 889B LCR meter at 200 kHz. The
LCR leads were passed into the DMA chamber and soldered to silver micro-wires, which were attached
to the copper foil creating a flexible conductor to allow in situ data acquisition during the dynamic
thermo-mechanical testing scheme. The described testing arrangement is shown in figure 21, with the
heating/cooling chamber door open.

The testing was initiated by characterizing the room temperature

response to mechanical loading. A series of nine loading steps were used as shown in figure 22. This
procedure was repeated ten times for each specimen, and five specimens were used for each sensor
composition (sample).
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Figure 21. Thermomechanical testing setup: a) DMA instrument, b) grip configuration for testing with in situ electrical
acquisition, c) compliant layer used to ensure homogenous pressure distribution.

Figure 22. Applied stress versus time schedule used for the sensor response characterization.

Since the active mechanism of the sensor response is strain, the stress versus strain diagram can
be used to estimate the magnitude and character of the response. The copper pads and compliance layer
used for measuring the sensor response were removed to increase the accuracy of the strain
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measurements. Additionally, bare sensors were tested having no silver coating deposited onto their
surface. Because of the finite thickness of the sensors, ten sensors were stacked when testing thin sensors
(150 µm tape cast) and five were stacked when testing thicker sensors (300 µm tape cast). Compressive
modulus testing was performed using a constant rate of stress of 120 kPa/min. A total of twenty
sequential runs were performed for each of the eight sets of sensors.
Thermomechanical testing was performed in two separate runs, low temperature and high
temperature. Low temperature testing was performed at -80 °C, -40 °C, and 0 °C, dwelling at each
temperature for five minutes before performing five loading sequences as shown in figure 23a. A load of
40 kPa was maintained throughout the entire load to ensure contact between the leads, and the load of 350
kPa was used to check the sensor response. The specimen was then returned to atmospheric conditions
completing the test sequence, and the testing sequence was repeated twice more. Similarly, high
temperature testing was performed at 40 °C, 80 °C, and 120 °C, dwelling for 10 minutes before
performing the loading sequences (figure 23b). The specimens used for thermomechanical testing were
chosen from those already used for measuring the capacitive response. This was completed to ensure that
materials were preconditioned, allowing for shifting and settling of the microstructure caused by initial
mechanical loading.

Figure 23. Applied stress versus time schedule used for thermomechanical testing at (a) low temperature and (b) high
temperature.

The dielectric properties (capacitance and loss tangent) were measured as a function of
temperature for the composite materials. Test specimens were increased to a 15 mm diameter to increase
the accuracy of the electrical measurements. Testing was performed from -80 °C to 120 °C in steps of 5
°C using Delta Design 9023 Environmental Chamber. Electrical measurements were taken using an HP
4284 LCR meter with AC frequencies ranging from 100 Hz – 1 MHz, and the data was recorded using a
NI 6008 DAQ card controlled by GADD software.
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3.3. Taguchi testing results
The results from the room temperature response testing were used to establish baseline capacitance for the
sensors. Since electrical measurements could not be made with an open circuit (since 0 kPa load does not
create a contact) the lowest applied force was used as the baseline (40 kPa load). The average of the five
specimens for each composition is shown in figure 24.

Figure 24. Room temperature capacitance of minimally loaded (40 kPa) sensor compositions at 200 kHz.

While all sensors are in a similar range, note that Sensor B showed a considerably higher
capacitance. Additionally, Sensor E has a small variance while Sensor C’s value was quite large. The
response of the sensors is defined as the change in capacitance caused by mechanical loading, and is
found by subtracting the baseline capacitance from the full capacitance value while under mechanical
loading. These results are plotted in figure 25, where the 40 kPa measurement was found to be 0 pF since
it is considered the baseline.
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Figure 25. Room temperature capacitive response of sensor compositions at 200 kHz.

The response of Sensor A far exceeds the others, and Sensors E and H rest below the average. It
was noted during processing that Sensors E and H had substantially longer drying times, and were likely
denser than the other sensors. Sensor H was also found to have increased warping as compared with less
dense films. Under closer review it was found that the average coefficient of determination converges to
0.98 for third order trend lines. This can be seen more easily with sensor A, exhibiting a linear start and a
linear tail with a transition between the two linear portions, a trend requiring four points (third order).
Additional testing was performed to give insight into the non-linear effect of the ceramic content on
the sensor response. Ceramic free sensors were tested as shown in figure 26. Sensor compositions are
similar to Sensor A, having a 1:8 modifier / polymer ratio and using DEGBE as the modifier for all four
compositions. Casting thicknesses were either 150 µm or 300 µm, and the polymer content was either
PVDF or 50% PVDF / 50% PVP. While the results appear to indicate a higher response without the
presence of ceramics, but this would be a misinterpretation. The highest response with a purely polymer
composition is found with a casting thickness of 150 µm and PVDF. As demonstrated with Sensor A
composition, a higher response is attainable with the addition of the ceramic material. This is further
described in section 3.4.3.
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Figure 26. Room temperature capacitive response of ceramic free sensor compositions at 200 kHz.

Scanning electron microscope (SEM) micrographs show the surface morphology of each sensor
composition in figure 27. The SEM shows the porous nature of the films, as well as, the large aggregates
in material that do not contain PVP (Sensors A, D, E, H). The micrographs also show that the ceramic
particles are dispersed homogenously throughout the microstructure, especially for Sensors G and H.

Figure 27. SEM images of the top surface of sensor materials A-H.
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The compressive modulus was calculated from the stress versus strain curves in figure 28. Sensor
F experienced a compressive modulus much higher than the other sensors, and Sensor H was much lower
with Sensors D and E also displaying similar trends. Analogous to the capacitive response to stress, the
strain values show a third-order trend. This is not simply a similarity, as the change in capacitance is
directly related to the strain. The non-linear response may be caused by the collapsing of the pore
structure within the materials, in addition to the alteration in the intrinsic change in the dielectric
properties described in section 3.4.7. The curves display an initial linear low modulus response and a
second order transitional slope. The response ends with a high linear modulus response.

Figure 28. Stress versus strain at room temperature and stressed at a rate of 120 kPa/min for Sensors A-H.

Traditionally the modulus of a porous material is characterized by the Spriggs equation:
𝐸 = 𝐸0 −𝑏𝑝
where E0 is the non-porous modulus, b is a material constant, and p is the porosity of the material.
However, this equation does not efficiently convey information about the sensor properties since the
porosity changes as the pores collapse with the introduction of strain. A modified version of this equation
could account for such strain:
𝐸 = 𝐸0 (−𝑏(𝑝0 − 𝐴𝑡𝜀))
Within this equation, p0 is the unloaded porosity, A is the surface area of the sensor, t is the original
thickness of the sensor, and ɛ is the strain introduced. This equation assumes that all strain occurs in the
porous regions. While this equation more efficiently predicts the modulus of the porous materials, a more
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simplistic approach is proposed which allows for direct comparison of initial low modulus region, the
transition point, and the compressed high modulus region. The low modulus of each curve was found by
fitting a linear trend line from the first point to the second, third, and consecutive points until the
coefficient of determination reached a value of 0.98. The high modulus was found in a similar fashion,
beginning with the last point and working consecutively backwards. These two linear slopes were then
plotted, and a third line was generated to determine the intersection point of interest. The location where
this third line intersects with the original curve provides the transition point, giving the stress and strain
value where the material transitions from low modulus porous attributes to a higher modulus. This
intersection was compared with the first and second derivatives, shown in figure 29, to evaluate the
effectiveness of the method.

Figure 29. Applied stress versus the % strain and derivatives for determination of the transition point between low strain and
high strain deformation of Sensor H. Plots shown are: a) splitting the angle between the two slops b) transition in the first
derivative.

The thermomechanical testing provided insight into the changes in sensitivity, drift, noise, and
sensor hysteresis. The high temperature testing schedule and the obtained results are shown for Sensor A
in figure 30, where some of these effects are demonstrated. Sensor A shows excellent sensitivity
throughout the temperature range with negligible noise. A notable shift is observed between the first and
second tests, where the trend is not repeated between tests two and three. This shows that settling
occurred in the microstructure during the initial thermomechanical load. A smaller drift can be observed
in the opposite direction between tests two and three, which represents the thermomechanical drift of the
sensor. In addition to the drift, the 120 °C loading sequence shows a time dependent hysteresis which can
be seen throughout the loading steps and in the initial portion of the unloading steps. While this is most
notable during the first test, it persists through tests two and three as well.
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Figure 30. Thermomechanical loading schedule and response of sensor material A.

The loaded and unloaded responses were averaged for each temperature, and their difference was
used to show the reponse of the sensor. The average response for tests two and three are shown in figure
31 throughout the entire temperature range. Note that the connecting lines do not represent real values,
but are intended only to assist the reader with linking the points for each sensor. The reponse of Sensors
A and G spike early, and appear to plateau at 80 °C, while the response of Sensors E and H rise
continually with temperature. The remaining Sensors, B, C, D, and F, experience a small local peak in
their response at 40 °C and a large spike at 120 °C.

Figure 31. Sensor responses across the full temperature range.
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The intrinsic electrical properties of the composites were also tested as a function of temperature
in order to compare against the findings of the thermomechanical testing. The capacitance and dielectric
loss tangent values were measured at 200 kHz (same as previous sensor testing) and are shown for the
temperature range of -40 C to 120 C in figure 32. A distinct peak can be seen in the loss tangent from 40 °C to 40 °C, and again as the temperature approaches 120 °C. These curves correlate with the nonlinear portion of the capacitive curve in the same temperature ranges.

Figure 32. Capacitance and dielectric loss as a function of temperature (measured at 200 Hz) for composite sensor materials AH.

The capacitance and dielectric loss tangent values are shown across the AC frequency spectrum at room
temperature (25 °C) using a logarithmic axis in figure 33. There is a drop in the loss tangent at low
frequencies, with a more linear trend beginning between 100 - 200 kHz.

Figure 33. Capacitance and loss tangent as a function of frequency for sensor materials A-H at room temperature.
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3.4. Discussion of Taguchi analysis
3.4.1. Summary of Results
The Taguchi analysis is used to relate sensor results to individual variables. In Table 2, these results are
displayed, showing the influence of each variable and each variable layer. In the Taguchi matrix there
were 8 different compositions. Since each variable has two layers, there will be 4 sensors with the first
layer, and 4 sensors with the second layer. Taguchi analysis works by showing the average character of
the four sensors with layer 1, and the four sensor of layer two for each variable. For example, Sensors AD were 150 µm thick and Sensors E-H were 300 µm thick. Thus, in the sensor thickness versus capacitive
baseline category, the average capacitance of Sensors A-D is shown under the 150 µm subhead, and the
average capacitance of Sensors E-H is shown under the 300 nm subhead.
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0.136

51.67
1.742

0.256
2.55
49.47
31.32
0.861
1.772

Initial Modulus (MPa)

Final Modulus (MPa)

Transition Point (kPa)

Transition Point (%)

Response at 120 °C (pF)
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0.701
0.122

0.080
0.083
0.042
1.528
0.121
1.078
102.41
57.23

Response at 0 °C (pF)

Response at -40 °C (pF)

Response at -80 °C (pF)
High Temp Mech Drift
(pF)
Low Temp Mech Drift
(pF)

Hysteresis at 120 °C (pF)

Thermal Drift (pF)

Cured Thickness (µm)

a

0.021

0.713

Response at 40 °C (pF)

88.53

62.61

0.727

0.111

1.107

0.034

0.064

0.056

0.620

0.707

1.197

0.713

57.90

93.99

21.09

0.216

62.28

PZT

94.20

111.67

0.952

0.132

1.123

0.030

0.068

0.086

0.235

0.248

1.120

1.891

25.08

60.85

1.37

0.176

77.71

BTO

Material

Dielectric

Mixture of 50% PVP and 50% PVDF

125.50

71.88

0.600

0.049

0.062

0.142

0.810

Response at 80 °C (pF)
0.145

0.545

105.37

19.91

54.93

85.06

Thickness
150
300
µm
µm

Capacitive Baseline (pF)
Room Temp Response
(pF)

Character

Sensor

90.07

98.63

0.179

0.176

1.648

0.041

0.084

0.079

0.627

0.747

0.844

1.709

33.65

48.05

2.17

0.236

86.94

Small

92.65

75.65

1.499

0.067

0.581

0.023

0.048

0.063

0.228

0.208

1.473

0.895

49.33

106.79

20.29

0.156

53.05

Large

Size

Particle

87.22

80.81

1.050

0.124

1.348

0.032

0.072

0.094

0.680

0.796

1.641

0.740

31.69

67.39

2.59

0.240

50.76

95.50

93.47

0.629

0.119

0.882

0.032

0.060

0.048

0.176

0.159

0.676

1.864

51.29

87.46

19.87

0.152

89.23

Filler Volume
10
20
Vol%
Vol%

Dielectric
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99.72

77.84

1.585

0.089

0.991

0.035

0.072

0.095

0.667

0.753

1.964

1.489

57.65

96.45

21.25

0.231

50.47

1:8

83.00

96.45

0.094

0.154

1.239

0.029

0.061

0.047

0.189

0.202

0.354

1.115

25.33

58.40

1.21

0.161

89.52

1:4

Ratio

Modifier :
Binder

100.13

78.04

0.164

0.088

0.792

0.030

0.062

0.083

0.551

0.743

0.814

2.124

29.42

39.78

1.50

0.221

58.73

PVDF

82.60

96.24

1.515

0.156

1.438

0.034

0.070

0.058

0.305

0.213

1.503

0.480

53.57

115.06

20.96

0.171

81.26

PVPa

Binder

Polymer

81.08

71.16

0.726

0.144

1.232

0.030

0.063

0.084

0.642

0.804

1.238

0.795

56.09

109.40

20.94

0.256

62.79

DEGBE

101.65

103.12

0.953

0.100

0.998

0.033

0.069

0.058

0.214

0.151

1.079

1.808

26.89

45.44

1.52

0.136

77.21

MPTS

Modifier

Organic
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3.4.2. Baseline capacitance
As expected from the equation for a capacitor, a higher capacitance was found in compositions that were
thinner, contained materials with a higher dielectric constant (BTO), or contained a larger volume percent
of high dielectric materials. Furthermore, Dietze et al. showed that by increasing the ceramic volume
content leads to an exponential rise in the capacitance [73-74]. Compositions with a smaller ceramic
particle size were also found to have a higher capacitance, which is consistent with work showing a sizerelated peak dielectric constant for BTO near a particle size of 70 nm for room temperature testing [75].
Ferroelectric materials experience a peak in their dielectric properties at their temperature induced
ferroelectric phase transitions. Materials of a specific particle size will have a set temperature at which
they encounter a phase transition in their crystal structure. The phase transition where the material
transitions from a ferroelectric to a paraelectric, is known as the Curie transition and is characterized by
the Curie temperature. However, the Curie temperature of a material is dependent on the particle size, as
smaller particles experience this phase transition at lower temperatures. This is known as the ferroelectric
size effect [76].
It has been shown that polymers act as linear adsorption isotherms, where polymers with a molecular
weight near that of PVP will wrap single surfactant molecules, while high molecular weight polymers,
such as PVDF, are found to bind multiple surfactants molecules creating a complex matrix [77]. Here we
find a similar effect in the polymer-filled composites, which are known to create aggregates in the
composite microstructure [78]. This occurs as the polymers adsorb to the filler particle (or air bubbles
introduced during vigorous mixing) then gradually combine during mixing to create an air- or particlefilled aggregate. The result is small and simple aggregates form with the PVP compositions, and large,
complex aggregates formed with the PVDF compositions. These interactions cause the compositions
containing PVP to experience a reduction in internal residual stress over the PVDF. The high molecular
weight PVDF molecules also experience recoiling, introducing additional internal residual stresses [79].
These stresses are believed to be normal to the thickness, since they were heavily influenced by the drying
process and adhesion of the film to the carrier substrate. Shaw et al. demonstrated that these internal
residual stresses significantly reduce the capacitance of the composite film [80-81]. There are two
primary sources of the converse electrostrictive effect (piezodielectric effect) which decrease the
capacitance. The primary sources is the tensile stress occurring normal to the applied current, and the
second is compressive stress occurring parallel to the applied current.
The molecular architecture of MPTS is a brush- or star-like form which restricts efficient organization
of these molecules compared to the simpler block copolymer DEGBE. As a result, the MPTS molecules
resist packing, and thus, reduce the consolidation of the composite microstructure during forming.
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Alternatively, the block-like DEGBE molecules pack more densely as they are smaller and more flexible.
Consequently, films with MPTS exhibited an increased cured film thickness over those with DEGBE.
While this effect (being thicker) is expected to result in a lower capacitance for films with MPTS, results
were contrary to this prediction. It is believed that compositions containing MPTS may aid in the
dispersion of internal residual stress, as the branched molecules provide an increased number of slip-links
which are known to decrease viscosity [82-84].
Increasing the amount of modifier in the matrix increased the capacitance. This is caused by the low
molecular weight materials increasing polydispersity in the polymer blend, decreasing viscosity and
assisting in dispersion of internal residual stresses which resulted from numerous sources described above
[85-86]. Since the internal residual stress reduces capacitance, sensors with less internal stress experience
a higher baseline capacitance [80].

3.4.3. Room temperature response
Despite the fact that the thicker sensor materials displayed a larger displacement given a similar strain
value, the magnitude of the sensor response is larger in thinner sensors. This effect is expected, since the
capacitance of the thinner sensor compositions was higher. Smaller ceramic particles also resulted in a
larger response, as they increased the overall capacitance of the material because of their higher dielectric
constant (described in section 3.4.2).
After performing additional testing to quantify the magnitude of the sensor response to a maximum
loading of 350 kPa (without the aid of the ceramic materials), it was shown that the relationship between
the sensor response and the volume of ceramic content was non-linear. The average response for 0 vol%,
10 vol%, and 20vol% content of ceramics is shown in Table 3. Note that the 0 vol% average would have
been even lower if it had not been maximized by using the 1:8 modifier / polymer ratio and DEGBE as
the modifier.
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Table 3. Composite composition versus average sensor response.

Ceramic Vol% Response (pF)
0%
0.211
10%
0.240
20%
0.152

In Table 3, it is found that the capacitive response was optimized between 0 vol% and 20 vol%
loading of the ceramic in the polymer matrix. It is believed that the sensor response is reduced at the 0
vol% loading of ceramic, because of a reduced dielectric constant of the bulk material. The response was
reduced at 20 vol% loading of ceramic because of an increased compressive modulus of the bulk material.
Therefore, these results follow the general trend dictated by the thought that a purely polymeric
composition would result in a low capacitance, high strain sensor; a purely ceramic composition would
results in a high capacitance, low strain sensor.
The sensor materials containing PVDF showed a higher response resulting from a decreased
compressive modulus. This is explained in more detail in section 3.4.4. Since MPTS was found to
increase the capacitance and decrease the compressive modulus of the material, it is expected that it will
result in a higher capacitive response under mechanical loading. However, this is not the case for room
temperature testing. It is believed that the introduction of internal stresses during mechanical loading
decreases the capacitance, as did the introduction of internal residual stresses discussed in section 3.4.2
[80]. This means that mechanical loading on sensors containing MPTS will simultaneously decrease
capacitance from the introduction of internal stresses while increasing capacitance from a decrease in
thickness. This results in a lower overall change in capacitance as compared with sensors containing
DEGBE, which has a higher internal residual stress. Increased modifier content also increased the
capacitive response. This effect is caused by an increased polydispersity due to an increased molecular
weight distribution of the organic materials, which is widely known to decrease the viscosity of the
polymer blend and reduce the modulus composite [85-86].

3.4.4. Compressive modulus
As expected, the sensor materials with a greater casting thickness were found to have an increased
compressive modulus. This is due to an increased level of residual stresses as a result of volume
shrinkage during the drying processes. Compositions containing PZT also exhibited a higher
compressive modulus. In filler:polymer compositions, changes in the compressive modulus are heavily
influenced by surface preparation of the particles. It is believed that the surface chemistry of the materials
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may be the cause of this effect [87]. The most notable difference between the BTO and PZT used in this
work, other than the chemical composition, is that hydrothermal synthesis of BTO gives a surface with
high hydroxyl group adsorption, and the spray drying of the PZT gives a surface known to have
ammonium group adsorption [88-89]. Additional surface chemistry characterization should be carried out
as a part of future work.
Larger particles were found to increase the compressive modulus, which is contrary to traditional
composite trends [90]. However, it has been shown that particles in the range of those used for this
testing matrix have similar effects on the modulus despite their size differences [91]. Additionally, it has
been demonstrated that differences in the polymer morphology surrounding the particles can have a
significant effect on the modulus [87]. This may have contributed to the unpredicted results described.
As is expected from use of the rule of mixtures and shown in experimental results, an increased volume of
ceramic particles gives rise to the modulus [92-93].
𝐸𝑐 = 𝑓𝐸𝑓 + (1 − 𝑓)𝐸𝑚

Here E is the elastic modulus, subscribes c, f, and m stand for composite, filler, and matrix respectively,
and f is the volume fraction of the filler material.
At room temperature, the sensor compositions with a PVP polymer matrix experienced a higher
modulus. This was caused by PVP being below its glass transition temperature (175 °C) and the PVDF
being above its glass transition temperature (about 35 °C) [94-95]. The modulus of compositions
containing PVP may have also been higher as the microstructure is predicted to be more rigid and less
porous. Additionally, PVDF solutions are shown to create large air filled aggregates when air is
introduced by aggressive processes of the composition [78,96]. These large, air-filled, aggregates likely
form during mixing and sonic dispersion of the solution, introducing additional air pockets into an already
porous structure, further decreasing the modulus.
As previously described, the simple molecular architecture of DEGBE led to an increased
packing of the microstructure, resulting in a thinner, denser bulk material. The increased density led to a
rise in the residual stresses, which further increases the compressive modulus. As described in section
3.4.2, increasing the modifier content will decrease viscosity of the polymer matrix. This causes the
elastic modulus to lower.
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3.4.5. Thermomechanical response
The completed measurements showed that by changing the sensor thickness, ceramic volume loading, and
polymer/modifier ratio altered the capacitive response similarly throughout the thermomechanical loading
schedule over the entire temperature range (-80 °C to 120 °C). Since the details of these effects have
already been summarized in the room temperature response section, they will not be further discussed
here. The effects of PZT and BTO on the sensor response are complex. The sensors response (ΔC) for an
applied load of 350 kPa is shown at different temperatures in Figure 34. This figure shows transitions
points for both materials near 40 °C and above 120 °C.

Figure 34. Capacitance response (°C) as a function of temperature for sensor materials containing PZT (average of Sensors A,
B, E, F) and BTO (average of Sensors C, D, G, H).

This complex relationship can be best described by first outlining the Curie temperatures for the
ceramic materials. As the materials approach their Curie temperature, the capacitance spikes, in turn
giving higher responses from the sensors [97]. Both the small and large PZT particles have a Curie
temperature of 390 °C, which is far out of the range of this application [98-99]. In contrast, BTO
particles have a number of transitions temperatures in the working range. BTO particles which are 200
nm or larger have a Curie temperature just above 120 °C, identified by a phase transition from the
paraelectric cubic phase to ferroelectric tetragonal phase when reducing the temperature to below 120 °C.
As the temperature is further reduced below the Curie temperature, the dielectric constant of the particles
quickly drops with the exception of two spikes occurring at additional phase transitions, from the
tetragonal to orthorhombic near 20 °C, and from the orthorhombic to rhombohedral phase near -75 °C
[100-101]. Unlike the polymer matrix, the sub-micron BTO particles experience a rise in permittivity
correlating with increased internal stress [102-105]. This was shown computationally by Buessem et al.
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using internal stress models and thermodynamic theory, and was further confirmed using x-ray diffraction
(XRD), suggesting that the change in permittivity is accounted for as internal stresses force the crystal
structure back toward the cubic phase.
While these phase transitions are communal to BTO of all sizes, the temperature of their
occurrence is significantly affected by the aforementioned size effect for particles under 200 nm. For
example, particles 100 nm in size experience a Curie temperature (transition to the tetragonal phase) in
the range of 40 °C [72,106]. This introduces further transitions in the dielectric constant into the
composites. These capacitive spikes account for the aforementioned trends, where BTO experienced a
spike in the range of 40 °C, and another approaching just above 120 °C. The cause of the non-linear
regions found with PZT are unaccounted for, though it is believed they are related to stress properties in
the thin film [107].
As expected, the thermomechanical loading of the composites showed a strong dependence on the
glass transition temperature of the polymer matrix materials. In the range of 0 °C to 80 °C, a greater
response was found with the PVDF, where the PVP had a higher response at temperatures of -40 °C and
below, and at 120 °C. The exchange between 0 °C and 40 °C is accounted for as the PVDF reaches its
glass transition temperature in the range of -35 °C, giving a quick rise to its modulus [95]. Similarly,
PVP becomes more sensitive at the higher temperature of 120 °C as it approaches its glass transition
temperature of 175 °C [94].
As explained in section 3.4.3, sensor compositions containing DEGBE had a greater response at
room and higher temperatures. At temperatures of -40 °C and lower, compositions containing MPTS
showed an increased response. It is believed that the modifier material passes its glass transition
temperature at this point, where the material becomes more brittle and begins to micro-crack under
mechanical loading. Upon molecular separation of the MPTS molecules from the binder polymer, slip
lines are introduced. This allows internal stresses to be released and reduces the rigidity of the material,
leading to a lower elastic modulus. This is the source of the increased capacitance observed with MPTS
at low temperatures.
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3.4.6. Rate dependent hysteresis at 120 °C
In their amorphous state, all polymers exhibit some amount of viscoelastic character. However, since
viscoelasticity is defined by time dependent behavior and is quantified by the dynamic modulus, quasistatic loading gives the appearance of a fully elastic modulus as was seen for testing at 80 °C or lower in
this work. In contrast, a large rate dependent hysteresis was found during mechanical loading at 120 °C
indicating that the loading scheme was no longer quasi-static. This indicates that the loading rate
schedule was occurring rapid enough to affect the stress verses strain relationship. Since the velocity of
the loading scheme was not altered, there must have been a transition in the composite material causing
an increase in the viscous behavior of the viscoelastic polymer matrix.
Viscoelastic behavior has been shown to depend on three primary variables affecting molecular
and sub-molecular cooperative motion of the polymer chains. These are the length of the polymers
(represented by the average molecular weight), the mobility of the polymers, and sub-molecule/intermolecule interactions [82]. Molecules that are longer and more flexible will show an increase in sliplinks and exhibit more viscous behavior [83-84]. When thermal loading is applied to the amorphous
polymer matrix, the additional energy introduced causes an increase in mobility and interactivity [108].
Thin films (t < 80 nm) have been shown by Dalnoki-Veress et al. to exhibit a reduced glass
transition temperature as the film thickness is decreased, which translates to an increased hysteresis for
thinner films as higher mobility is achieved with lower energy. However, this trend is limited to thin
films and does not extend to the thick films discussed in this work [84]. Rather, this work showed that
hysteresis was reduced with an increase in the film thickness. Thick films (t > 10 µm) show an increased
internal residual stress caused by a greater volume shrinkage in the drying process which reduces
molecular mobility, and thus, reduces the hysteresis [109].
The BTO particles increased the magnitude of the hysteresis by simply increasing the overall
capacitance of the material. The results also showed increased hysteresis, which correlates with the
increase in the particle size of the filler material. This trend has been demonstrated in literature, where it
was showed that well-dispersed polymer-filler systems have a significantly larger dynamic modulus phase
angle for larger particles (elastic materials have a phase angle of 0°, and viscous materials have a phase
angle of 90°) [110]. Moreover, the phase angle magnitude in viscoelastic polymer-filler composites is
more significantly influenced by agglomerations in the filler material than by the particle size [111].
Since the BTO particles considered in this work to be 1 µm were actually small agglomerations formed
by sintering, they contributed greatly to this trend. The compositions with a higher volume content of
ceramics showed decreased hysteresis at higher temperatures. This is in accordance with experimental
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results, which show that filler materials lower the magnitude of the viscoelastic spike in polymer-filler
composites [112-113].
It has been shown that the phase angle of the dynamic modulus peaks at 100 °C for PVDF, and at
120 °C for PVP, indicate a transition from a glassy state to a more viscous rubbery state [94,114]. While
it is known that reduced molecular weight polymers experience less hysteresis, this work showed that the
sensor compositions with 50 vol% PVP (8,000 g/mol MW)/50 vol% PVDF (500,000 g/mol MW)
experienced higher hysteresis than those containing only the high molecular weight polymer PVDF. This
effect is caused by an increase in the polydispersity which decreased the viscosity of the polymer blend.
This in effect increased the molecular mobility of the binder and giving rise to the overall hysteresis in the
matrix [85-86]. The materials with the MPTS modifier experienced higher hysteresis as the brush-like
architecture of the modifier increased intermolecular interactions and increased various slip-links [82,84].
The increased modifier content decreased hysteresis in the sensors. Using the above-mentioned
criteria to evaluate the effects of the modifier content, a number of mechanisms (i.e. polymer mobility,
polydispersity, density) are found to promote and depress hysteresis. The exact mechanism causing the
relationship between the modifier content and hysteresis could not be definitively determined.

3.4.7. Thermomechanical drift
The drift caused by the thermomechanical loading was affected by similar compositional and
microstructural variables at both high and low temperatures, with the exception of thickness, which had
negligible effect at low temperatures. At high temperatures, the drift was reduced in thicker films, as the
thicker films are known to experience increased internal residual stress which suppresses the
reorganization of the microstructure. As with hysteresis, the BTO particles increased the magnitude of
the drift more than the inclusion of the PZT particles by further increasing the overall capacitance of the
materials.
Compositions with smaller particle sizes were found to exhibit higher drift. This is believed to be a
function of the differences in the electrical properties of the materials. The composite materials
consisting of conductive filler materials are shown to have non-ohmic characteristics, caused by electron
tunneling between the filler particles [115]. Electron tunneling from particle to particle through the bulk
material was exponentially increased by reducing the inter-particle spacing, and the inter-particle spacing
was linearly decreased by reducing the particle size. This was similarly found in other works [116].
Thus, reducing the particle size exponentially increased the effects of electron tunneling in the polymerfiller composites, resulting in a reduction in the effective percolation threshold.
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The compositions in this work do not include conductive fillers; however, ferroelectric particles
produce a similar effect with the electrical flux of the composite. Rather than affecting conductivity,
reduced inter-particle spacing was found to affect charging of the bulk material by increasing electric flux
[117-118]. This causes compositions with smaller particles to experience greater changes in charging as
the effects of electrical flux are more significant. Additionally, smaller particles are more likely to be
displaced in the composite microstructure causing compositions to experience increased changes in the
electric flux, making them more susceptible to cause drift. Drift was also more pronounced when less
ceramic materials were used, as the composite is more heterogeneous and the particle shifting causes
more severe changes in the electrical flux.
The molecular weight of the polymers directly affected the shifting and reorganization of the
microstructure. It has been shown that polymers with a molecular weight near that of PVP (8,000 g/mol
MW) will wrap single surfactants, while high molecular weight polymers such as PVDF (500,000 g/mol
MW) are found to bind multiple surfactants creating a complex matrix [77]. Here we find a similar effect
in the ceramic-filled polymer composites, which are known to contain agglomerated particles within the
composite microstructure [78]. The result is small, simple aggregates forming within PVP matrix, and
large, complex aggregates forming in the PVDF matrix. In this work, composites composed of the PVDF
matrix showed aggregates in the range of 2 µm, as seen in figure 27. These more complex aggregates
reduce reorganization of the microstructure, thus reducing drift. Another important contribution to drift is
the addition or removal of residual stresses during reorganization of the softened microstructure during
the thermomechanical process. The modifier MPTS is known to promote adhesion between polymers,
and therefore, reduce drift over DEGBE modifier. The drift was further reduced by decreasing the
content of the modifiers, which increased the mobility of the binder molecules.

3.4.8. Characterization of thermal affects on capacitance
The non-linear dielectric character under thermal loading identified in this work was consistent with
similar films tested by Furukawa et al. Smaller casting thicknesses increased the thermal drift, which is
greatly influenced by changes in the crystalline structure [119]. It is believed that thinner composite films
experience crystalline changes more quickly and more severely, influencing the response from the
dynamic temperature sweep. Compositions containing BTO experienced a higher change in capacitance
under thermal load (thermal drift), especially those with a smaller particle size. This correlates with the
Curie temperature being in the center of the temperature scheme for 100 nm BTO particles, just outside of
the testing range for particles over 200 nm, and far outside the range for both PZT particle sizes [72,98-
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99,106]. Also, compositions with a higher ceramic content displayed a higher thermal drift, as the
ceramic particles are the main source of the drift.
The same polymer and modifier variables that were found to increase the baseline capacitance
were also found to increase thermal drift. It is believed that the introduction of internal stresses resulting
from thermal loading more significantly affected the variables that promote low residual stress. This is
because the low stress compositions showed a greater change in their internal stress upon the introduction
of thermal stresses.

3.5. Sensor Design
Using the conclusions from this work, a robust ceramic/polymer composite sensor material can be
engineered. This design considers not only the linear trends of the Taguchi analysis, but also takes into
account the more complex trends found in literature to affect the results of the testing matrix. The
following statements summarize the key findings of this work:


The thickness of the sensor should be minimized to increase the sensor response and simplify
potential future incorporation into a secondary structure or mechanism. Reduction of the film
thickness is limited by a loss in strength, as the sensors should be easily handled without being
damaged. Disadvantages include increases in the drift magnitude.



High dielectric ceramic materials should be evaluated by their dielectric constant, Curie temperature,
and wetting characteristics. Moving the Curie temperature towards -80 °C will increase the low
temperature response of the sensors, while drawbacks of this approach include an increase in the
temperature drift of the sensor. Increasing the Curie temperature well above the working range would
reduce this temperature drift.



The particle size of the ceramic materials will be partially determined by placement of the Curie
temperature. Smaller particles will increase the capacitance by increasing the electric flux
percolation. Additional considerations include decreasing the compressive modulus by decreasing the
particle size, without significantly increasing drift caused by reorganization of nano-particles in the
microstructure.



The ideal volume content of ceramic materials is most heavily influenced by its relation to the sensor
response through its effects on the dielectric constant and modulus of the bulk material. These
variables are optimized near a 10 vol% loading of the ceramic materials (for this particle size range).
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A polymer/modifier matrix should be selected with a melting temperature exceeding the thermal
range of the application. Maintaining the elastic properties of the matrix throughout the required
thermal range will eliminate hysteresis. The matrix should also have a low modulus, a high
molecular weight, and a complex molecular architecture to reduce drift and should meet ASTM E595
outgassing standards.

Design of the final sensor package and embedding technique into other structures should be
considered during processing of the sensor composition. The sensor package, including electrodes and
insulating coatings, should be thin, flexible, and similarly resistant to thermal effects. While variations in
sensor packaging are infinite, one example is shown in figure 35. This sensor package was fabricated on
a Kapton film substrate, having a 10 µm thick composite sensor composed materials including Huntsman
controlled volatility polymers and PZT. Platinum electrodes were used to prevent oxidation of the nanofoil. The complete sensor package has thickness of 50 µm.

Figure 35. Sensor prototype fabricated to demonstrate use of the proposed smart film technology.

3.6. Conclusions
In this work, a two level Taguchi experimental design was used to prepare a test matrix, evaluating the
effects of seven different compositional variables on a ceramic/polymer microstructure and sensor
response. While the two layer design is limited by linear trends in the results, the mechanisms affecting
the results were evaluated from literature and the non-linear trends were presented and discussed. A
material selection criterion was described for the proper sensor composition for future sensor package
54

designs concerning embedded force sensor arrays for harsh environment applications. The work showed
that the sensor response was maximized by reducing film thickness, increasing the dielectric constant, and
decreasing the compressive modulus. These goals are optimized with high dielectric ceramics using a
volume loading in the range of 10 %, and matrix materials with molecular architectures which promote
the introduction of compressive strain.
The negative effects of drift can be minimized by increasing the sensor thickness, increasing the
ceramic particle size, using matrix materials with a high molecular weight and a complex molecular
architecture, and by the introduction of residual stress in the films. At high temperatures, a rate dependent
hysteresis was found to occur due to increased molecular mobility of the polymer matrix. This can be
prevented by selecting polymers with transitions temperatures further outside of the operating temperature
range.
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Chapter 4. An Analytical Model for Porous Polymer-Ceramic Capacitive
Pressure Sensors
4.1. Introduction
An effort to obtain a better understanding of design variables has often led to analytical modeling,
and finite element analysis (FEA) using computer aided designs (CAD) in recent literature. Various
capacitive pressure sensors based on an open hollow membrane, or closed air-filled cavity, have been
designed using these theoretical approaches with great success [120-123]. More complex PVDF – PZT
(lead zirconium titanate) composites have also been modeled to predict the effect of PZT content on the
permittivity, dielectric loss, piezoelectric coefficient, and elastic modulus [124-126]. Theoretical
predictions of the piezoelectric effect were also made, showing the two-phase composites response to
temperature [127-128]. However, models for predicting thermo-mechanical loads on porous polymerfilled composites are lacking.
This work combines a number of analytical approximations to create a comprehensive model of
the three-phase pressure sensor under mechanical and thermal loading. An example microstructure is
depicted in figure 36, using a scanning electron microscope micrograph. The model assumes a two-phase
polymer-ceramic solid, which contains a third phase of inter-connected porosity. In this way, the elastic
modulus is presented in two parts. First, the polymer-filled solid material is presented and then the solidporous material. The effects of stress from pressure, temperature, and substrate pinning on the
permittivity of the constituents are considered, and the permittivity of the bulk composite is presented as a
three-phase system. Finally, the change capacitance of the bulk material is presented as an iterative
function of the applied pressure and temperature.
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Figure 36. SEM micrograph of sensor A (composition details listed in Table 4).

4.2. Analytical Model

4.2.1. Capacitance
A capacitor operates by holding charge within a dielectric region between two electrodes. The equation
for a capacitor is

𝐶=

ɛ𝑟 ɛ0 𝐴 𝜀𝐴
=
𝑑
𝑑

(1)

where C is the capacitance, ɛr is the relative permittivity (dielectric constant), ɛ0 is the permittivity of free
space, A is the surface area, and d is the thickness of the capacitor. The working mechanism in a
capacitive sensor is a change in thickness introduced by strain, calculated by

𝐶1 −𝐶2 =

ɛ𝑟 ɛ0 𝐴 ɛ𝑟 ɛ0 𝐴
−
.
𝑑1
𝑑2
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(2)

∆𝐶 =

ɛ𝑟 ɛ0 𝐴𝜖
.
𝑑2

(3)

Here, ϵ is strain, d1 is the pre-strain thickness, and d2 is the post-strain thickness. Since d2 is not known a
priori, it should be calculated by

𝑑2 = (

𝑑2 − 𝑑1
) 𝑑1 + 𝑑1 = 𝜖𝑑1 + 𝑑1 = 𝑑1 (1 + 𝜖)
𝑑1

(4)

so that the capacitive response becomes

∆𝐶 =

ɛ𝑟 ɛ0 𝐴 𝜖
ɛ𝑟 ɛ0 𝐴
=
.
(1
𝑑1 + 𝜖) 𝑑1 (1 + 1⁄𝜖 )

(5)

Since the sensor is being used to measure pressure, not strain, the elastic modulus will be used to
translate between the two variables providing

∆𝐶 =

ɛ𝑟 ɛ0 𝐴
.
𝑑1 (1 + 𝐸⁄𝜎)

(6)

The variable E is the elastic modulus, and σ is the applied stress. In this equation, both the relative
permittivity and elastic modulus are not known intrinsically, since the capacitor is a composite.

4.2.2. Elastic Modulus
For this work, it is assumed that the polymer matrix is selected such that its melting temperature is
sufficiently higher than the working temperature range, preventing the effects of viscoelasticity. Thermal
and mechanical loading is assumed to be sufficiently low to prevent plastic deformation, and changes in
the surface area, A, are assumed negligible.
Early work on the elastic modulus of a two-phase system was performed by Hill in 1963 [129].
One finding of great significance was a modification to his previous work, where he modeled the elastic
modulus of a fiber-reinforced matrix assuming transversely isotropic behavior about the fiber, which is
perfectly aligned along a single axis. This assumption is further detailed by stating an assumed statistical
homogeneity for the spatial arrangement of fibers in both the longitudinal and transverse directions [130-
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131]. Using assumptions by Kerner concerning the physical relations in composites, Herman modified
Hill’s elastic equations to a more simple form in 1966 [132-133].
Further yet, in 1969 Halpin and Tsai created an analytical version of Herman’s equations which
allows for geometries other than the aligned continuous fibers [131,134]. This work uses the M. van Es
modified Halpin-Tsai model developed in 2000, which modifies the aspect ratio giving a more accurate
analytical model for predicting the elastic modulus of the polymer-filler composite by [135]

𝐸𝑐 =

𝐸𝑚 (1 + 𝜁𝜂𝑉𝑓 )
1 − 𝜂𝑉𝑓

𝐸𝑓
𝐸𝑓
𝑤ℎ𝑒𝑟𝑒: 𝜂 = (
− 1)⁄(
− 𝜁)
𝐸𝑚
𝐸𝑚

𝜁=

2𝑤
.
3𝑡

(7)

(8)

(9)

In these equations, Ec is the modulus of the composite, Em is the modulus of the matrix, Ef is the modulus
of the filler, and w/t is the aspect ratio of the filler. The variable Vf is the volume fraction of the filler in
the solid solution (not the volume fraction of the three-phase system).
The elastic modulus is further modified with the introduction of pores into the composite
material. This is done by considering the polymer-ceramic composite to be a single phase, having the
properties previous approximated. Traditionally the modulus of a porous material is characterized by the
Spriggs equation developed in 1961

𝐸 = 𝐸0 −𝑏𝑉𝑝

(10)

where E0 is the non-porous modulus, b is a material constant, and Vp is the volume percent of porosity
[136]. However, this empirical model fails to predict the elastic modulus for materials with a high
porosity and was thus updated by Wang in 1984 [137]. Wang’s model (shown below) used a polynomial
exponent achieving accurate approximations for highly porous materials, though the length of the
required polynomial diminished the practical significance of the model, shown by

𝐸 = 𝐸0 𝑒𝑥𝑝[−(𝑏𝑉𝑝 + 𝑐𝑉𝑝2 + 𝑑𝑉𝑝3 + ⋯ )].
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(11)

Within Wang’s expression, b, c, d, etc… are material constants. In 1987, Phani and Niyogi created a more
practical model which satisfies the condition that the elastic modulus is identical to the bulk material
without the presence of porosity, and the elastic modulus is zero with a fully porous material [138]
𝑛

𝐸 = 𝐸0 (1 − 𝑎𝑉𝑝 ) .

(12)

In this equation, a is a material constant known as the geometry packing factor. This constant
relates to the spatial organization of the material, and a=1/Pcrit, where Pcrit is the critical porosity where the
elastic modulus drops to zero. For polycrystalline materials having a spherical geometry, the constant ‘a’
falls in the range of 1 ≤ a ≤ 3.85. For reference, packing arrangements of cubic, orthorhombic, and
rhombohedral uniformity result in values of 2.10, 2.52, and 3.85, respectively [138] [139]. The material
constant n relates to the interconnectivity and morphology of the pores. Materials which are
systematically arranged, such as closed pores with spherical symmetry, have been modeled well with
n=2.14. Interconnected pores that are randomly dispersed through a microstructure and have an irregular
morphology are better modeled with n=4.12 [138].
A similar equation was proposed by Gibson and Ashbury in 1988, which was used to estimate the
elastic modulus of foams by their density [140]
𝜌 𝑛
𝑛
𝐸 = 𝐸0 𝐶 ( ) = 𝐸0 𝐶(1 − 𝑉𝑝 ) .
𝜌0

(13)

The ρ is the apparent density, and ρ0 is the density of the non-porous material. As with equation (12), C
and n are material constants relating to the microstructure. Applied to foams (90% < Vp < 95%) with
dense boundaries, it has been found that C ≈ 1 [140-141]. Similar to ceramic materials, foams have been
modeled by 1 ≤ n ≤ 4, with 1 ≤ n ≤ 2 used for low Vp, with closed porosity throughout the material [142].
In 2002, Zhang et al. proposed a similar three-phase elastic modulus model [143]

𝐸𝑝𝑐 = 𝐸𝑐 (1 − (𝑉𝑝 + 𝑉𝑝𝑓 ))

𝑛

(14)

where Epc is the porous composite modulus, Vpf is the volume fraction of filler in the pores (in addition to
the filler in the matrix). In 1960, Paul gave a two-phase composite modulus approximation
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2⁄
3

𝐸𝑐 = 𝐸𝑚 [

1 + (𝑚 − 1)𝑉𝑓
2⁄
3

1 + (𝑚 − 1)(𝑉𝑓

𝑤ℎ𝑒𝑟𝑒: 𝑚 =

]
− 𝑉𝑓 )

(15)

𝐸𝑓
𝐸𝑚

which was simplified for filled polymers

𝐸𝑓 = 𝐸𝑚 (1 +

𝑉𝑓

1⁄ )
3

(16)

1 − 𝑉𝑓

and porous polymers
2⁄

𝐸𝑝 = 𝐸𝑚 (1 − 𝑉𝑝 3 )

(17)

by Ishai and Cohen in 1967, with Ep being the modulus of the porous polymer [144]. In 2004, Zhang et
al. proposed a three-phase model based on these approximations [145]

𝐸𝑝𝑐 = 𝐸𝑚 1 +
[

𝑉𝑓
1 − (𝑉𝑝 + 𝑉𝑝𝑓 )
𝑉𝑓
𝑚
−(
)
𝑚−1
1 − (𝑉𝑝 + 𝑉𝑝𝑓 )

1⁄
3

.

(18)

]

While a number of equations have been proposed to model various types of porous materials, the
result of each equation yields a single value equating either the original or mean elastic modulus to the
original porosity [138,145-146]. However, this work requires a model which can predict the changing
elastic modulus throughout the loading cycle. Experimental data from Weadon et al.is plotted in figure
37, showing the trend of four different sensor compositions (compositions shown in Table 4). The x-axis
displays the estimated change in porosity under compressive stress up to 350 kPa, assuming all strain
results in the collapse of the porosity within the material. The y-axis displays the experimental elastic
modulus divided by the estimated non-porous elastic modulus. The non-porous modulus was
approximated using (7). The result is a normalized elastic modulus, where 0 vol% porosity results in
Epc/Ec = 1. Note that the character of sensors A and H, and that of sensors D and E were found to be very
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similar with the exception of V0 and VΔ. Each pair of related sensors shares a similar organic modifier
content, which is also the primary difference between the two sets.

Figure 37. The normalized elastic modulus of the porous material plotted against the change in porosity under an applied load
0→350 kPa.

Combining (12) and (13) as a starting point gives material constants C, a, and n, resulting in the
equation
𝑛

𝐸𝑝𝑐 = 𝐸𝑐 𝐶[1 − 𝑎(𝑉𝑝 )] .

(19)

Table 4. Composition of Experimental Sensors

Sensor

V0 (%)

d1 (µm)

Filler

Vf (%)

Binder

Modifier

Modifier Vol. (%)

A

42.5

55.8

PZT

10

PVDF

DEGBEa

11.25

D

55.6

55.6

BaTiO3

20

PVDF

DEGBEa

20

E

18.1

130.5

PZT

10

PVDF

MPTSb

22.5

H

16.6

158.6

BaTiO3

20

PVDF

MPTSb

10

Weadon et al.

The data in figure 37 is not completely accurate, as some of the observed strain was found to be
flattening of the wavy films, and thus does not correlate with collapsing pores [147]. The trends are
important, revealing that the apparent critical porosity (Pcrit) is a function of the initial porosity. The
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character of the curves is approximated with the relation 1/a = Pcrit = V0, where V0 is the original porosity.
Simple substitution gives
𝑛
1
𝐸𝑝𝑐 = 𝐸𝑐 𝐶 [1 − ( ) (𝑉𝑝 )]
𝑉0

(20)

In figure 37, the modulus of the composite also appears to approach Ec before Vp=0. This is
accounted for by shifting the actual porosity to an apparent porosity using the constant P, where P is the
final porosity at which the bulk material appears to approach Ec, giving
𝑛
1
𝐸𝑝𝑐 = 𝐸𝑐 𝐶 [1 − (
) (𝑉𝑝 − 𝑃)] .
𝑉0 − 𝑃

(21)

This can be simplified by considering the change in volume, VΔ, such that P=V0–VΔ. Previous literature
has shown that C≈1, yielding

𝐸𝑝𝑐

𝑉0 − 𝑉𝑝 𝑛
= 𝐸𝑐 (
) .
𝑉∆

(22)

The rate of the increasing elastic modulus as a function of strain has a strong correlation with the
empirical value VΔ. However, a direct mathematical relationship could not be established because of the
previously described inaccuracy in the stress versus strain curve from flattening of warped films
(especially film H). The surface of the films has been prepared with a metallic electrode (described in
section 3.2.2.), the electrical acquisition avoids consideration of the effect of the warped film. Since
capacitance a direction function of strain, the capacitive versus stress data was used to estimate VΔ more
accurately. Further work should be performed in this area to give a more direct mathematical correlation
between the rate of the increasing elastic modulus as a function of strain, and the empirical value VΔ.
Pending a more complete evaluation of this variable, the results of this work are only valuable as
qualitative trends and cannot be confidently used as quantitative trends.
In the iterative form, Epc and Vp are interdependent and Vp is a function of the stress, such that
𝑛

𝑖
𝐸𝑝𝑐

𝑉0 − 𝑉𝑝𝑖
= 𝐸𝑐 [𝐷 + (
) ]
𝑉∆
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(23)

𝑤ℎ𝑒𝑟𝑒: 𝑉𝑝𝑖 = 𝑉𝑝𝑖−1 − ∆𝑉𝑖

∆𝑉𝑖 = 𝐴𝑑𝑖 − 𝐴𝑑𝑖+1 = −𝐴𝑑𝑖 𝜖𝑖 = −𝐴𝑑𝑖 (

𝑑𝑖 = 𝑑𝑖−1 − (

𝜎
𝑖−1
𝐸𝑝𝑐

(24)

𝜎
)
𝑖
𝐸𝑝𝑐

).

(25)

(26)

In (25) and (26), the initial thickness is d1, and σ is the iterative load application. Because of the interreliant nature of the terms, finite stress iterations are required. Since Vpi=V0 when i=1, a small constant, D
must be added to prevent Epci = 0. The size of this constant depends on the iteration size of the applied
stress. For this work, 0 Pa ≥ σ ≥ 350,000 Pa, with Δσ=10-3 Pa, and D=10-9. For this iteration size, larger
values of D resulted in negligible differences, and D=10-11 resulted Epci ≈ 0 for all i. The variables Vpi, ΔVi,
and di are defined in the equations.

4.2.3. Thermal and Stress Effects on Permittivity
The permittivity of a bulk, stress-free material at room temperature will experience notable changes when
pinned to a substrate and subjected to thermo-mechanical loading. The composite material in this work
will be modeled by considering changes in permittivity of the polymer matrix and ceramic filler
independently.
The polymer matrix is assumed to lack any ferroelectric properties. For this reason, changes in
polarization caused by thermally induced phase transformations of crystalline domains within the
structure are not considered. The amorphous polymer matrix is assumed to be an isotropic, statistically
homogenous material. This assumption results in a bulk polymer in a paraelectric state which lacks
piezoelectric properties even below the Curie temperature [148]. In reality, processing variables can
introduce traces of polarization into the ferroelectric polymer; however, these are small and considered
negligible [149].
The polymers will experience polarization caused by external stresses through the converse
electrostrictive effect, or the piezodielectric effect. Phenomenological theory of the piezodielectric effect
was first established by Osterberg and Cookson in 1937 [150]. In a single crystal, it causes tensile stress
occurring normal to the plane of accumulated charge. The application of a compressive stress parallel to
the plane of accumulated charge results in decreased permittivity between the electrodes due to the
alteration in polarization normal to the electrodes. The effects of tensile stress acting in both axis normal
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to the charge in a single crystal were characterized by Devonshire, and demonstrated by Shaw et al. with
the expression [151]
1
1
= − 4𝑄12 𝜎
ɛ𝑓 ɛ𝑢

(27)

where ɛf is the permittivity under stress, ɛu is the permittivity without stress, and Q12 is the electrostrictive
constant for stresses occurring normal to the charge plane. The amorphous polymer matrix has a single,
unidirectional electrostriction constant, κ. Substituting the electrostriction constant, considering a single
axis, and solving for ɛf gives

ɛ𝑓 =

ɛ𝑢
.
1 − 2ɛ𝑢 κ𝜎

(28)

Strain induced by thermal expansion requires consideration which includes the contributions from
the polymer matrix, the ceramic filler, and porosity. It is assumed that the pores are at least partially
interconnected, and thus are treated as voids rather than compressed air under thermal and mechanical
loading. For a sufficiently thin film, the bulk material is assumed to take on the constraints of the film
surface. In effect, the film is assumed to be fully bound by the substrate on which it is adhered. Despite
the presence of pores (voids) in the composite, the composite is bound by the substrate deeming the
contribution of the pores negligible on the longitudinal stress and strain of the material. Thermally
induced stress

𝜎𝑇ℎ𝑒𝑟𝑚𝑎𝑙 = 2𝜎𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑎𝑙 = 2𝐸𝑐 (𝜖𝑠 − 𝜖𝑐 )

(29)

can thus be reduced to the difference between strain in the composite

𝜖𝑐 = [𝛼𝑓 𝑉𝑓 + 𝛼𝑚 (1 − 𝑉𝑓 )]∆𝑇

(30)

𝜖𝑠 = 𝛼𝑠 ∆𝑇

(31)

and strain in the substrate
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occurring along both longitudinal axes. In these equations, ϵc and ϵs are the strain in the composite and
substrate, and the coefficient of thermal expansion for the filler, matrix, and substrate are αf, αm, and αs
respectively.
Assuming that loads applied to the sensor face are applied with constant force/pressure rather
than constant displacement/strain, thermal expansion in the transverse direction will not introduce any
additional internal stress. This assumption is valid for applications where forces are applied with gravity,
pneumatic pressure, hydraulic pressure, electrical current driven motors, or human interaction. The
modified permittivity of the polymer matrix thermal-mechanical stress (ɛ1f) is given by

ɛ1𝑓 =

ɛ1𝑢
.
1 − 2ɛ1𝑢 κ(𝜎𝑇ℎ𝑒𝑟𝑚𝑎𝑙 +𝜎𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 )

(32)

Ceramic ferroelectric thin films are known to experience a diffuse phase transition caused by
pinning of the ferroelectric domains by the substrate and fine granular structure [152-153]. However, the
ferroelectric ceramic in this work was bound within a polymer matrix, which has a very low elastic
modulus. It is assumed that external thermal and mechanical stresses applied to the dense ceramic filler
resulted in negligible changes to the permittivity [154]. Changes in permittivity do result from thermally
induced phase changes in the ceramic material, which in the parraelectric phase are commonly
approximated using the Curie-Weiss law. In the ferroelectric phase, spontaneous polarization is
approximated using Gibbs free energy equation
1
= 𝛼1 + 3𝛼2 𝑃𝑠2 + 5𝛼3 𝑃𝑠4
𝜀2𝑡

𝑃𝑆2 =

−𝛼2 + (𝛼22 − 4𝛼1 𝛼3 )1/2
2𝛼3

(33)

(34)

with P12= P22=0, and P32= Ps2≠0 [155-156]. Here the α terms are the dielectric stiffness coefficients, ε2 is
the permittivity of the ceramic filler, and Ps is the spontaneous polarization. This equation is made a
function of temperature by considering the effect of temperature on the dielectric stiffness coefficients.
Typically, only the first-order term, α1, is considered to be temperature dependent [156]. Use of the CurieWeiess law gives

𝛼1 =

𝑇 − 𝑇𝑐
2ɛ0 𝐶
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(35)

where T is the observed temperature, Tc is the Curie temperature, and C is the Curie constant. By
substituting equation (35) into equations (33) and (34), the permittivity in the ferroelectric phase can be
determined as a function of temperature.

4.2.4. Permittivity of Composite
The permittivity of ferroelectric composites is often estimated using mixing rules. These approximations
take into account the permittivity and volume loading of the two-phase system, with some models
including additional predictions, such as average electric fields known to influence the permittivity of
composites with a high ceramic filler content [157-158]. Much work has been performed in this area, with
early contributions given by Clausius, Mossotti, Lorenz, and Lorentz [158-162]. Rayleigh’s mixing law
predicts the influence of a cubic array of spherical objects within a secondary medium [163]
𝜀𝑐 − 𝜀1
𝜀2 − 𝜀1
= 𝑉𝑓
𝜀𝑐 + 2𝜀1
𝜀2 + 2𝜀1

(36)

where ɛc, ɛ1, ɛ2, are the permittivity of the composite, polymer matrix, and ceramic filler respectively, and
Vf is the volume fraction of the filler. Written in explicit form for the permittivity of the composite, it is
known as the Maxwell Garnett equation [158,164]

ɛ𝑐 = ɛ1 + 3𝑉𝑓 ɛ1

ɛ2 − ɛ1
.
ɛ2 + 2ɛ1 − 𝑉𝑓 (ɛ2 − ɛ1 )

(37)

Bruggeman devised a simple model where numerous inclusions can be introduced into a host
𝜀𝑐 − 𝜀1
𝜀𝑖 − 𝜀1
= ∑ 𝑉𝑖
𝜀𝑐 + 2𝜀1
𝜀𝑖 + 2𝜀1

(38)

𝑖

which was later restructured in the Maxwell-Garnett form [158] [165] [166]

ɛ𝑐,𝑖

ɛ𝑖 − ɛ1
ɛ𝑖 + 2ɛ1
= ɛ1 + 3𝑉𝑓 ɛ1
ɛ𝑖 − ɛ1 .
1 − ∑𝑁
𝑖=1 𝑉𝑖 ɛ + 2ɛ
𝑖
1
∑𝑁
𝑖=1 𝑉𝑖

(39)

This equation is expanded for two terms, considering the ceramic and porous contributions to the
matrix
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ɛ𝑐𝑝

ɛ𝑓2 − ɛ𝑓1
ɛ𝐴𝑖𝑟 − ɛ𝑓1
+ 𝑉𝑝
ɛ𝑓2 + 2ɛ𝑓1
ɛ𝐴𝑖𝑟 + 2ɛ𝑓1
= ɛ𝑓1 + 3ɛ𝑓1
ɛ𝑓2 − ɛ𝑓1
ɛ𝐴𝑖𝑟 − ɛ𝑓1
1 − 𝑉𝐹
+ 𝑉𝑝
ɛ𝑓2 + 2ɛ𝑓1
ɛ𝐴𝑖𝑟 + 2ɛ𝑓1

(40)

𝑉𝑓
𝑉𝑓
𝑉𝑓
=
=
.
𝑉𝑚 + 𝑉𝑓 + 𝑉𝑝 (1 − 𝑉𝑓 ) + 𝑉𝑓 + 𝑉𝑝 1 + 𝑉𝑝

(41)

𝑉𝐹 =

𝑉𝐹

In this equation the permittivity of the matrix and filler must first be modified for stress effects, as is
indicated by the subscript f. Note that the porous content is represented with the permittivity of air, ɛAir.
The filler volume fraction must be considered as part of the entire three phase system, not only as a
fraction of the two phase solid solution. This difference is accounted for in (41).

4.3. Results and Discussion: Application of Model

4.3.1. Material Properties

The complete set of equations used for modeling the thermo-mechanical properties of the
composite are displayed in figure 38. Before modeling the sensors, material constants n and VΔ must be
approximated. These constants were empirically found by modeling the response of four sensors from
literature [147]. Additional material properties (i.e. thermal, mechanical, dielectric) were found in
literature and are displayed in Table 5. The elastic modulus of sensors D and E, which contain a high
content of low molecular weight modifier, was approximated considering similar materials in literature
[147]. The change in capacitance from an applied load (sensor response) is plotted against the load
magnitude in figure 39. In the experimental results, a preload of 40 kPa was used. This is taken into
account with the model by using the capacitance at 40 kPa as a reference point for quantifying the change
in capacitance.
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Figure 38. Summary of equations used for modeling the composite sensor.

Figure 39. Capacitance change as a function of pressure measured and modeled for various sensor compositions.

In figure 39, sensors were approximated using the analytical equations in this work. Using this
model, the role of sensor composition variables can be evaluated for their effect on the character and
magnitude of the force response. Experimental results showed that sensor composition A exhibited a
much higher capacitive response than other compositions, and thus should be used as a base for future
designs [147]. For this reason, all material constants used in the model hereafter will be the same as
sensor A, unless otherwise specified for a given section. Using figure 38 as a reverse flow diagram, a
program was written to call material variables from Table 5 and perform the iterative load application.
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The proceeding sections evaluate the role of various composite sensor compositions by using a loop to
vary specific material constants.

4.3.2. Effect of Porosity Content
As noted in section 4.2.2, in figure 37 the character of sensors A and H, and that of sensors D and E, were
found to be very similar with the exception of V0 and VΔ. Since the two variables appear to be
interdependent by simple correlation, it is assumed that they are linearly dependent for the sake of
performing basic analytical approximations. Using a linear approximation, values for VΔ were calculated
in this section for progressive iterations of V0.
The effects of porosity on the capacitive response of the sensor are shown in figure 40. In this
figure the amount of porosity is varied from 10–60 vol%, revealing the effect of porosity on the sensors
response (capacitance change) to pressure. The sensitivity of the sensor is exponentially related to
porosity as increased porosity slightly reduces the permittivity of the bulk material, and significantly
reduces the elastic modulus. Non-linear trends become increasingly apparent with increased porosity.
This is caused by increased collapsing of pores at high porosities leading to a more rapidly changing
elastic modulus.

70

Table 5. Material Values for Modeling

Variable

Sensor
D

Sensor
E

Sensor
H

Source

A

Surface Area (cm2)

0.5

0.5

0.5

0.5

[42]

d1

Initial Thickness (µm)

55.8

55.6

130.5

158.6

[42]

Em

Elastic Modulus of Matrix (GPa)

3.44

1

1

3.44

[79]

Ef

Elastic Modulus of Filler (GPa)

116

99

116

99

[68-69]

Vf

Volume Loading of Filler (vol%)

10

20

10

20

[42]

1

1

1

1

[42]

w/t

Aspect Ratio of Filler

V0

Initial Porosity (vol%)

42.5

55.6

18.1

16.6

[42]

VΔ

Critical Change in Volume (vol%)

3.7

0.47

0.46

0.9

a

n

Porosity Material Constant

3

3

3

3

a

0.29

0.29

0.29

0.29

[70]

6.5

6.5

6.5

6.5

[80]

1

1

1

1

[71]

κ

Electrostrictive Constant (m4/c2)

ε1

Relative Permittivity of Matrix

εAir

Relative Permittivity of Air

ε0

Permittivity of Free Space (F/m) 10-12

8.854

8.854

8.854

8.854

T1

Initial Temperature (°C)

25

25

25

25

T2

Final Temperature (°C)

25

25

25

25

αf

Coef. Therm. Exp. for Filler (m/°Cm) 10-6

9.5

6.5

9.5

6.5

[72]

αm

Coef. Therm. Exp. for Matrix (m/°Cm) 10-6

90

90

90

90

[73]

αs

Coef. Therm. Exp. for Substrate (m/°Cm) 10-6

23.4

23.4

23.4

23.4

[74]

350

350

350

350

[42]

σMech

Applied Presssure (kPa)

α2

Dielectric Stiffness Coef. (m5/°C2F) 108

-0.7252

-6.241

-0.7252

-6.241

[51,75]

α3

Dielectric Stiffness Coef. (m5/°C2F) 108

7.5

3.23

7.5

3.23

[51,75]

3.9

1.7

3.9

1.7

[76-77]

394.1

50

394.1

50

[77-78]

Curie Constant (°C) 105

C
Tc
a

Senor
A

Curie Temperature (°C)

Emperically Determined
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Figure 40. Sensor capacitance change as a function of pressure for sequential porosities, quantifying the effect of porosity on
characteristics of the sensor response.

The introduction of non-linearity by increased porosity can be used to further engineer sensors for
specific applications. At high porosities, the sensor exhibits highly sensitive attributes at low pressure,
with sensitivity decreasing at higher pressure. Porosity can effectually expand the working range of
pressure sensors by increasing sensitivity at low pressures, without alterations to the solid solution
composition. As the pores collapse under applied pressure, the properties of the solid solution are
introduced. A complete model of such behavior will require consideration of plastic effects in the polymer
matrix surrounding pores, where increased strain is experienced.

4.3.3. Effect of Filler Content
From literature it is known that both the elastic modulus and permittivity of the bulk material
exponentially rise with increased filler content [125,167]. The inverse relation between these two
mechanisms results in a nearly linear rise in the sensor response with increased filler content, as shown in
figure 41. The purpose of combining polymers and ceramics in the design of capacitive pressure sensors
is to achieve high permittivity and low elastic modulus, optimizing the capacitive response to pressure. If
the capacitive response is found to be optimized with either a purely polymeric or ceramic composition,
then use of a multi-phase composite is unnecessary. The results in this work indicate that the sensor
response is optimized for Vf <100 %. However, experimental results in literature show that the response is
optimized with a filler volume Vf ≈ 10% [147]. The difference is believed to be a function of the filler
influence on the elastic modulus Epc. In order to more accurately model the effect of the filler content on
the porous composite, addition experimental data is needed to quantify trends.
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Figure 41. Sensor capacitance change as a function of pressure for sequential filler contents, quantifying the effect of filler
loading on characteristics of the sensor response.

4.3.4. Effect of Temperature
Thermal effects on the composite sensor were evaluated by considering the changes in permittivity of the
matrix and filler. Using (32), changes in the permittivity caused by electrostriction are calculated as a
function of thermal stress, assuming the sensor was cast onto a steel substrate with a curing temperature
of 25 °C. The permittivity of the filler was approximated as a function of temperature using (33). The
permittivity of the matrix and filler are plotted independently as a function of temperature in figure 42.
Since increased temperature causes permittivity to decrease in the matrix and increase in the filler, the
effect of temperature on the bulk permittivity is dependent on the filler volume loading. Thermal effects
in the matrix were found dominant until the filler volume approached Vf = 7.3%.
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Figure 42. The permittivity of the matrix and filler constituents plotted as a function of temperature.

The change in capacitance is plotted as a function of temperature in figure 43 for both the model
and the experimental data. Experimental data was recorded with a pressure of 40 kPa, thus the model also
used this pressure for the approximated capacitance.

Figure 43. Modeled and experimental capacitance change of the three-phase sensor as a function of temperature.

The thermal effects approximated in the model are negligible as compared with experimental
results, showing the need for additional work in this area. Since modeled thermal effects in the matrix
permittivity are minimal, and the matrix permittivity has the largest influence in the bulk permittivity, it is
believed the source of error occurs in the matrix approximations. More specifically, the assumption of a
fully paraelectric phase, amorphous, polymer matrix is believed to be the cause of this error. The semi74

crystalline nature of PVDF can be difficult to model both mechanically and electrically [168] [169]. Since
crystalline PVDF has a Curie temperature in the range of 100 °C, and even when combined with
surfactants or copolymers, thermally induced polarization would see a large rise in permittivity in this
range [170,171]. The spike may not be apparent in the experimental data because of pining by the
substrate, which is known to cause diffusivity in the dielectric properties, and shifting of the Curie
temperature [172].

4.4. Conclusions
This work successfully laid the foundation for future work pertaining to modeling the capacitive response
of three-phase, polymer-matrix pressure sensors. Using relations between capacitance, permittivity, and
elastic modulus, a model was developed to predict capacitance as a function of pressure. The elastic
modulus and permittivity were approximated for the three-phase system, and substrate and thermal effects
on permittivity were taken into account. The final model requires an iterative application, resulting from
an interdependency of the elastic modulus and porosity. Material constants required for modeling the
porous elastic modulus were approximated by empirically fitting experimental data from literature.
The model was applied to evaluate composition and thermal effects on the response. The
capacitive response was increased exponentially with the introduction of porosity. Porosity also induced
non-linear trends in the sensor response. Additional ceramic filler content increased the sensor response
for Vf <100%, although experimental data in literature shows that the response is optimized at Vf ≈ 10%.
Thermal effects were found to be dependent on the filler volume, as the polymer matrix experienced
lower permittivity with increased temperature and the ceramic filler experienced higher permittivity.
Additional work is needed to approximate the thermal effects of the matrix, which may contain crystalline
domains.
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Chapter 5. Capacitive Force/Spatial Awareness Sensor for Robotic
Space Servicing Applications
5.1. Introduction
The goal of this work is to design and fabricate flexible, capacitive force sensors based on a 3:0:3
porous ceramic-polymer composite design for use in harsh environments, specifically space servicing
robotic applications. Selection of materials and processing methods will be carried out accordingly,
providing a robust sensor fabrication sequence resulting in application ready specimens. Preliminary
work was performed in chapters 3 and 4, and will be continued herein by applying these previous works.
There are a number of variables to be considered in optimizing sensor properties, including
sensor thickness, ceramic composition/particle size/volume content, molecular weight and molecular
architecture of polymer and modifier components, polymer/modifier ratio, and porosity content.
Furthermore, the scope of this work includes the design and implementation of characterization
procedures necessary for qualifying the resulting material compositions for use in in-orbit robotic
operations. Evaluation criteria includes electrical, mechanical, and thermal properties affected by phase
transitions and microstructure variables.

5.2. Experimental
5.2.1. Sensor Design
A three phase, porous polymer-ceramic composite was used to create a low modulus, high
dielectric sensor composition. Specific parameters for optimization of the sensor properties were
obtained through previous experimental and analytical studies performed in chapters 3 and 4. The
primary parameters outlined in previous works are outlined here with the intent to optimize composition
variables. The addition of ceramic filler materials was found to exponentially increase the elastic
modulus, while at the same time increasing the dielectric constant. Experimental testing demonstrated
that the sensor response was optimized with a ceramic filler loading below 20 vol% of the solid loading
(excluding consideration of porosity). In this work, a filler loading of 10 vol% was used. Analytical
modeling indicated that the sensor response was most significantly increased using a porosity of 20 vol%.
Lesser amounts of porosity did not significantly increase the sensor response from the non-porous
response. Similarly, increased porosity less significantly contributed to the sensor response, meaning that
doubling the porosity content did not double its contribution to the response. For this reason, the target
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porosity was 20 vol% of the three phase composite, limited to decrease plastic deformation expected from
large strain in the polymer matrix.
Considerations were made for use of a conductive metallic or carbon phase in the composite
sensor composition. Use of various conductive particles in dielectric materials has been proposed in
literature, as implementation of conductive filler just below the electrical current percolation threshold
increases permittivity of the bulk material [173]. This approach could further increase the permittivity of
the sensor material, in effect increasing the response of the sensor. However, introduction of increased
high dielectric filler particles is already limited by the need to maintain a low elastic modulus and the
addition of conductive filler particles would further increase the modulus if added in addition to the
dielectric filler. The conductive filler could also be used to replace a portion of the ceramic filler content,
preventing alteration of the elastic modulus, but the result would reduce the permittivity of the bulk
material and countering their intended purpose. Additionally, the incorporation of conductive filler
materials would significantly affect the breakdown voltage, resulting in an increase in the required film
thickness. Reduction of the film thickness is already limited by the reduction of the breakdown voltage,
and reduced thickness is necessary to increase the capacitance and simplify embedding of the sensor for
robotic applications. For these reasons use of conductive filler materials, while seemingly valuable, was
not recommended in this work.
The polymer matrix was selected for having a low elastic modulus, allowing increased strain in
the sensor. Because it was the most prevalent material in the three phase composite, a high dielectric
constant was also important. A high molecular weight and complex molecular architecture were desired
to restrict movement of the filler material. It was also advantageous to select a material lacking any major
phase transformations in the working temperature range, which provides a consistent elastic modulus
under the thermal loading. The polymer matrix must also meet the ASTM E595 outgassing standards,
preventing outgassing upon entering low vacuum, high temperature environments. The selection of
controlled volatility polymers includes considerations such as molecular weight, molecular weight
distribution (polydispersity), functional groups, and appropriate bond accepters for solvents [174].
Another consideration is the potential use of polymer modifiers, which display a low molecular weight
and are unable to cross-link with the prime polymer; these modifiers could potentially outgas when
introduced into a high vacuum or high temperature environment. Additional conditioning could be
performed during the manufacturing of the polymers to remove such modifiers, or low-outgassing
materials can be used to reduce pre-processing of the CV materials [175]. Because of their adverse
effects on outgassing properties, organic modifiers in the polymer matrix were removed.
With these considerations use of a cross-linking polyurethane was prosed, as military
specifications (MIL-SPEC) have been based on these materials for rigorous military applications on land
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and in space. Specifically, the mechanical, thermal, and electrical properties of two part Uralane 5750
and 5753 have been deliberately and extensively tailored to meet the needs of applications such as those
proposed in this work. Such considerations included the molecular weight, molecular architecture, crosslinking density, and ratio of long polyol chains and polyurethane/polyuria-based linkages making up the
two part Uralane [176]. Ultimately Arathane 5750 (Huntsman, 1.05 g/ml) was selected, being a crosslinking thermoset polymer with a dielectric constant of 3.0, a Shore A hardness of 50, and meeting
outgassing standards.
Two unique sensor composites were fabricated, differing only by the composition of the filler
material. The first composition contained BaTiO3 (BTO, Inframat, Manchester, CT) filler. This ceramic
was selected because BTO is available from industry, and BTO thin-films have shown a high dielectric
constant (above 300) and high breakdown strength (as high as 2.5 x 106 V/cm) [177]. The Curie
temperature of BTO is near the desired working range (130 °C), known to introduce undesirable thermal
effects on the sensor response, as well as additional phase transitions below the Curie temperature. The
particle size of the filler was minimized to promote electric flux percolation within the composite without
increasing the filler content, and to reduce the filler’s contribution to the elastic modulus [178-179].
Reduction of the particle size was limited by the ferroelectric size effect, which was found to reduce the
Curie temperature for particles smaller than 80 nm [180]. For this reason a particle size of 100 nm was
used for BTO.
The second sensor composite used Pb(Zr0.44,Ti0.56)O3 (PZT) as the filler composition, which was
desired because of its high dielectric constant. This composition was also preferred since its Curie
temperature and other phase transformations were far outside the working temperature range, preventing
the introduction of thermal effects on the sensor response. Reduction of the particle size was limited by
the ferroelectric size effect, which was found to shift the Curie temperature into the working temperature
ranges for particles of 30 nm or smaller for PbTiO3 [180-181]. Assuming a Gaussian distribution in the
particles size, the target mean particle size was 100 nm, which minimizes the content of particles smaller
than 30 nm. The chosen particle morphology was spherical in shape, since particles with an increased
aspect ratio may result in oriented microstructures during processing. The oriented microstructures result
in varied distribution in properties depending upon the degree of orientation, and this phenomena is not of
interest in this work. The primary concern was changes in the senor response caused over time (sensor
drift) due to possible reorientation of these particles during force applications.
The specific PZT composition and size criteria desired for this work were not readily available by
commercial vendors. For this reason, the PZT powder was synthesized using a modified hydrothermal
process based on the work by Deng et al. [182]. Using a 150 ml Teflon autoclave liner, 95 ml of deionized (DI) water was added and stirred with a magnetic stirring rod. A weight of 4.51 g ZrOCl 2•8H2O
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(Alfa Aesar), and 6.62 g Pb(NO3)2 (Alfa Aesar) were added and stirred for 30 minutes. Since a minimum
particle size of 30 nm was desired, 0.767 g nano-TiO2 (~32 nm size, Alfa Aesar) particles were used as
seeds for the process. Concurrently, 33 g of potassium hydroxide (85 % KOH, Alf aAesar) was added to
the solution which resulted in a pH of 14.2, and the solution was stirred for one minute. The solution was
sealed and the reaction was completed at 260 °C with a hearting rate of 2 °C/ min. The reaction
temperature was maintained for 3 h; after the reaction was completed, the reactor was cooled to room
temperature at a rate of 2 °C / min.
The resulting PZT dispersion was electrostatically dispersed by the high pH in the KOH solution.
During the first rinsing cycle, a centrifuge speed of 1,200 rpm was utilized for 10 min which resulted in
the sedimentation of only the larger particles. The fine nanoparticles remained within the supernate,
therefore allowing for efficient separation and disposal of particles below 50 nm, which could introduce
the Curie temperature into the working range by the ferroelectric size effect. In order to maintain the
colloidal dispersion, a pH greater than 10 was required [183]. The remaining KOH was rinsed from the
particles using a mixture of 25 ml DI water and 1 ml tetramethylammonium hydroxide (TMAH,
AlfaAesar). This process was carried out by mixing the new solution with a magnetic stirrer and a Sonics
Vibra-cell sonication wand at 50 % power for 1 h. The dispersed suspension was then centrifuged again
at 2,500 rpm for 15 min. The supernate was again separated from the precipitated PZT and the process
was repeated on the precipitated powder (and the supernate was discarded). The solution was carefully
watched to prevent elevated temperatures. Using the TMAH solution, this method was repeated for a
total of 5 times to remove all KOH.
The polymer selected for the matrix required xylenes as a solvent to maintain its controlled
volatility. Since the PZT filler was synthesized and dispersed in an aqueous solution, it was necessary to
undergo a solvent exchange from the aqueous solution to xylenes. Large differences in polarity between
water and xylenes prevented a simple emulsion, so the polarity was stepped down in stages. With the
same stirring, sonication, and centrifuge methods previously described, the PZT powder was rinsed in 6
cycles, where the polarity of the solvent was slowly changed from polar to non-polar over the number of
cycles. The solvent in each cycle were as follows: (1) 50 ml of ethanol, (2) 25 ml ethanol/25 ml 1butanol, (3) 50 ml 1-butanol, and (4-6) 50 ml xylenes. During the exchange, one drop of oleic acid was
added to each solution prior to rinsing the PZT, acting as a surfactant to promote electrosteric dispersion
of the nano-particles upon removal from the aqueous solution. The wetting of the PZT particles was
controlled by the oleic acid by providing the functional carboxyl head to be attracted to the PZT surface
while the hydrocarbon tail has an affinity to the xylenes solvent.
Failure to properly remove the KOH from the surface of the particles was found to prevent proper
dispersion of the particles in the polymer matrix, and resulted in a reduction in strength and modulus of
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the composite by inhibiting bonding between the PZT and polymer matrix. Also, in the case that the 1butanol was not completely removed from the dispersion, the solvent inhibited the polymer from properly
hardening (acted as a polymer modifier), which left a soft and tacky film after the drying process. The
work also showed that any excess oleic acid was removed during the centrifuge process, but any excess
surfactant did not notably affect the properties of the resulting thin film other than introducing an orange
color in high concentration.
The crystal structure of the synthesize PZT powder was evaluated using x-ray diffraction (XRD).
The diffraction pattern is shown in figure 44. Automated Rietveld refinement of the XRD pattern was
utilized in X’Pert Highscore software to characterize the final phase content (Zr distribution) within the
powder. The analysis showed that ~77 % of the material was zirconium-rich PZT (rhombohedral, JCPDS
01-089-1276), and ~23 % was titanium-rich (tetragonal, JCPDS 00-050-0346). The PZT phase diagrams
at room temperatures show a phase shift at 52 % titanium/48 % zirconium, where lesser titanium results
in the rhombohedral phase and more titanium results in tetragonal phase [184]. The broad peaks in figure
44 indicate nanometer-size particles with some variance in the crystal phase. If the Ti/Zr ratio varied as
little as 2 % throughout the seeds, then an additional phase was expected. For this reason, the XRD
results were not unexpected, and indicate successful synthesis of a PZT composition similar to the desired
Pb(Zr0.44,Ti0.56)O3. However, further characterization is required to more fully characterize the exact
composition.
The particle size was determined using dynamic light scattering method, where the particle size
distribution was calculated from the average of 12 runs. The particle size is plotted against the number of
particles, showing a Gaussian distribution in figure 45. The particle shape was observed using a scanning
electron microscope (SEM). Figure 46 shows a SEM micrograph of the PZT nano-particles, having the
desired aspect ratio near 1 (spherical shape). The particles were sputtered with gold to create a
conductive surface for electron scanning. Vacuum deposited gold is known to produce a pebble-type
morphology, which can be seen in the images with a diameter ~10 nm [185]. Fully visible PZT particles
range from 100-150 nm in diameter. The BTO particles were characterized by the manufacturer using
SEM and Brunauer–Emmett–Teller (BET), with a reported particle size of 100 nm. The BTO particles
are also shown in figure 46, showing the similarity in aspect ratio and particle size between the two
ceramics.
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Figure 44. XRD analysis of synthesized PZT, showing estimated rhombohedral (zirconium rich) and tetragonal (titanium rich)
phase distribution.

Figure 45. Particle size distribution of synthesized PZT obtained by dynamic light scattering, plotted against the number of
particles.

Figure 46. SEM micrograph of a) purchased BTO, and b) synthesized PZT, showing size and aspect ratio of particles.
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5.2.2. Sensor Fabrication
The fabrication of sensors was initiated by creating a sensor ink for each of the two compositions. The
inks were composed of 66.66 vol% solids, and 33.33 vol% solvent. The solid loading was divided into 90
vol% Arathane 5750 (Huntsman, 1.05 g/ml) polymer and 10 vol% ceramic filler. The only solvent used
was xylenes. The preparation of the BTO/polymer composite solution began by dispersing the dry BTO
powder in xylenes using a sonication wand at 50 % power for 1 min.
The PZT/xylenes composition was prepared by first removing excess xylenes using a centrifuge
at 2,500 rpm for 15 min. After pouring off the xylenes from the precipitated PZT, a sample of the
solution was taken using a metal spatula. A small piece of metal foil was placed on a high precision
scale, and the scale was zeroed with the foil. The sample was then weighed on the foil, dried on a hot
plate, and weighed again to determine the solid loading of the PZT/xylenes solution. By dividing the
final weight over the initial weight, a solid loading of approximately 85 wt% was typically found.
Using a small glass container to prevent melting from the sonication wand or solvents, 0.2152 g
of PZT was measured taking into account the weight loading of the solution. Additional xylenes was
added as needed, bringing the total xylenes content to 0.1208 g, and a sonication wand was used at 30 %
to break up PZT agglomerations that were formed in the centrifuge. The Arathane 5750 thermoset
requires two parts for polymerization, the cross-linking agent (0.0400 g part A) and the monomer (0.2225
g part B). After combining all materials, a sonication wand was used to disperse the nanoparticles
throughout the polymer. The composite was then stirred using a magnetic stirring rod at the highest
speed for one minute, ensuring homogenous distribution of the constituents.
A polished glass base was prepared with a sheet of aluminum foil, which was the substrate for the
sensor composition. The foil was cleaned using xylenes to remove oils and dirt. Using a metal spatula,
the sensor ink was deposited as a thin line across the aluminum foil at an approximate width of 8 cm. A
mayer rod (#4, R.D. Specialty, Webster, NY) with a casting thickness of 9.5 µm was then used to cast the
composition across the face of the foil. A mayer rod is a wire wound rod, which deposits a film when
pulled (without spinning) over a bead of viscous material across a substrate. The casted material was
immediately placed in a vacuum oven at 125 °C and vacuum of 15 in-Hg. The desired porosity of 20
vol% was targeted by quickly removing the solvent to leave void space (pores), and having a small
amount of excess solvent (13 vol%) to adjust for shrinking of the film thickness (which collapses void
spaces). The drying process was maintained for 12 h in order to insure that all xylenes was removed to
maintain the controlled volatility of the polymer. The final sensors were prepared by using a metal punch
to prepare 9 mm diameter specimens from the bulk film. The use of spin coating and tape casting with a
doctor blade were also evaluated for deposition of the thin-film. The spin coating technique required a
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dispersion with a low solids loading (25 vol%) in order to reduce the viscosity to a level that would
achieve the desired minute thickness. The low viscosity dispersion resulted in the phase separation by
settling which produced an inhomogeneous final film. Tape casting with a doctor blade produced a
homogenous film composition, but the film thickness varied because the aluminum substrate was not
perfectly flat.
A scanning electron microscope was used to examine the final film thickness and microstructure.
The top face of the specimens was prepared with 10 nm of gold that was deposited by DC sputtering.
Precautions were taken in order to prevent damage or contamination of the specimens during the cutting
of the cross-sectional samples. Two pieces of 200 µm thick microscope cover-glass (minimized to reduce
SEM charging) were lightly coated with EpoxyBond 110 two part epoxy. The specimens were placed
between the two microscope cover-glass slides and the glass slides were pressed together. The
sandwiched samples were heated to160 °C for 5 min to cure the adhesive. A glass slide was used as a
substrate for cutting, and the prepared specimens were bounded using wax. The glass slide was then
installed in a diamond blade saw, and the specimens were cut as shown in figure 47. The diced
specimens were cleaned with acetone, removing wax and lubricating oil, and their cross sections were
sputtered with gold.

Figure 47. Preparation of specimens for cross-sectional observation using SEM.

The cross-sectional SEM micrograph in figure 48a confirmed the successful casting of the thin
film with an approximate thickness of 8.5 µm. The figure also shows successful bonding of the film onto
the aluminum substrate, without the presence of notable cracking or separation between the layers. The
microstructure of the top surface of the film is shown in figure 48b. It appears that submicron pores were
collapsed by the vacuum treatment during the drying process. The collapsed pores displayed an increased
aspect ratio and resembled cracks rather than pores. Regardless of the shape, these void spaces are
prevalent and large in size relative to the thickness of the film. The final cured thickness of the specimen
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was reduced by approximately 10 %, indicating a final porosity level of ~23 vol%, considering the initial
solid loading of 66 vol%.

Figure 48. SEM micrograph of thin-film cross section for (a) BTO filled composition and (b) PZT filled composition, and top
surface of (c) BTO filled composition and (d) PZT filled composition.

5.3. Sensor Characterization
Thermal and mechanical loading was applied using a TA Instruments DMA Q800. While loading, in-situ
electrical acquisition was carried out using a BK Precision 889B LCR meter by applying 1 V with an AC
frequency of 200 Hz and recording the capacitance and dielectric loss values. A thermally resilient
silicone rubber was adhered to the active arm of the DMA to create a mechanically compliant layer, in an
effort to ensure homogenous distribution of the compressive stress across the sensor face. Mechanical
loading and electrical acquisition were performed across an 8 mm diameter, preventing unintentional
contact around the 9 mm diameter specimen which would result in a short circuit.
The surface of the silicone on the active DMA clamp, and the surface of the static DMA clamp
were both prepared with copper foil, working as electrodes in contact with the sensor faces. The
electrical leads from the LCR meter were passed through the vent of the DMA chamber, and bridged to
the copper contacts with silver micro-wire. The flexible micro-wire allowed for electrical acquisition
without interfering with the application of the mechanical load. The full testing setup is shown in figure
49. For each sensor composition, a total of 5 specimens were prepared. These same 5 specimens were
used for every test, showing compounding degradation of the materials through various loading
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schedules. All tests were performed in the order which they are introduced in this section, which is:
thermomechanical → room temperature → cyclic → long term loading.

Figure 49. Thermomechanical testing setup: a) DMA instrument, b) grip configuration for testing with in situ electrical
acquisition, and c) compliant layer used to ensure homogenous pressure distribution.

Thermomechanical testing was performed from 120 °C to -80 °C, where the mechanical load and
electrical data acquisition was completed at every 40 °C increment. The high temperature testing was
completed through the use of heating coils built into the DMA chamber hood. Low temperatures were
acquired using liquid nitrogen that was injected into the thermal hood by the automated DMA system.
Mechanical testing of the specimens was not initiated until the chamber gained equilibrium of the desired
temperature which typically took 8 min. Precautions were taken to prevent excessive damage to the
electrical leads during opening and closing of the chamber hood at extreme temperatures. At high
temperatures, the plastic insulation surrounding the LCR leads was found to melt, and at low temperatures
the insulation was found to crack and shatter. In order to prolong the lifetime of the LCR leads, the leads
must be carefully secured to prevent contact with the heating coils and the system must be returned to
atmospheric conditions before opening the DMA hood.
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At each temperature, the stress was cycled 10 times in steps from 20 kPa to 360 kPa at a rate of
12 seconds per cycle. A total of 5 specimens were tested for each composition. These results were
intended to quantify the thermal effects on the magnitude of the sensor response. One area of concern
was the extent of thermal drift, undesired change in magnitude under thermal stress, due to alterations in
the composite microstructure. The purpose of using a step load, rather than a ramp load, was to check for
a rate dependant hysteresis that can be introduced by thermal effects on the polymer matrix.
Room temperature mechanical testing was performed using a preload of 20 kPa, a loading rate of
120 kPa/min, and a maximum stress of 360 kPa. A total of 5 specimens were characterized for each
sensor composition, with 10 loading ramps performed on each specimen. The purpose of this testing was
to define the trend of the sensor response, which is the change in capacitance under application of a quasistatic loading schedule. It was also meant to gain an understanding of changes in the composite
composition as initial mechanical loading caused settling in the microstructure.
Cyclic loading was applied to sensors across the entire 9 mm diameter of the specimens to ensure
uniform degradation of the entire sensor microstructure. Loading was performed at 1 Hz, stepping the
stress from 16 kPa to 280 kPa. A total of 100,000 cycles were applied to each of the 5 specimens. Using
a stacked approach, all 5 specimens were loaded simultaneously. To prevent stress concentrations of the
applied load, a small compliant layer was placed between each specimen during loading as shown in
figure 50. After completing 100,000 cycles, specimens were individually characterized to show the
effects on the character of the sensor response. This was achieved by performing an additional 10 loading
cycles to ensure contact of the electrodes, then applying a ramp load using the same procedure described
for the room temperature characterization.

Figure 50. DMA configuration for simultaneous cyclic loading of 5 specimens, using silicone to distribute stress across the
sensor face.
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The creep loading was applied at 360 kPa for 24 hrs. The electrical acquisition was performed
throughout the entire loading cycle to investigate the drift of the sensor response. In an effort to ensure
constant load application, a static weight was used for this testing. The active arm applying the load was
prepared in exactly the same manner as the active arm of the DMA. Sample preparation and electrical
acquisition were also precisely the same.
Outgassing of the final composition was quantified using ASTM E595 as an outline. For each
composition, 5 specimens having a 15 mm diameter were collected and weighed on a high precision
scale. Clean aluminum foil substrates were also weighed, and used as a reference for the experiment. All
samples were left in atmospheric condition for a minimum of 24 hrs after processes. This gives the
porous materials an opportunity to absorb moisture from the air. After weighing the specimens they were
placed on a clean glass petri dish and moved into a vacuum of 3x10-6 torr. After achieving the full
magnitude of the vacuum, the specimens were left for 24 hrs. Upon removal from the vacuum, specimens
were immediately weighed. All specimens were weighed within 2 min of being removed from the
chamber, preventing the materials from re-absorbing moisture from the air. Because of the strict time
restraints, all 5 specimens of each composition were weighed together at one time.

5.4. Results and Discussion
The thermomechanical loading results were summarized by showing the last cycle of the 10 mechanical
loading cycles performed for each thermal load. All five specimens were plotted for each filler
composition, giving a summary of the composition properties throughout the loading schedule. Shown in
figures 51 and 52, the capacitive response to the mechanical loading cycle (20 kPa to 360 kPa) is plotted
against the six thermal loading steps. The magnitude of the sensor response for both BTO and PZT filled
compositions were similar throughout the thermal loading range, with PZT filled compositions having a
higher capacitance overall.
The thermal effects on the sensor response were two-fold, including thermal drift and reduction in
the sensor response. Thermal drift, defined herein as the undesired change in capacitance as a function of
temperature, is nearly linear for the BTO filled composition down to 0 °C, dropping more quickly at
lower temperatures. The PZT filled composites experienced a more linear thermal drift on average,
though the difference was not significant. Both compositions experienced decreased response to
mechanical loading correlating with reduced temperatures. This effect was most significant at -80 °C,
where the response dropped by more than half. Thermal drift, and the reduction in the sensor response,
are believed to be most significantly introduced by the polymer, theorized from these results to approach
a glass transition temperature just below 80 °C. This phase transition causes stiffening of the matrix,
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which increases the elastic modulus (reducing strain) and subsequently increases internal stress which is
known to decrease permittivity [186]. Increased nonlinearity in the thermal drift of BTO was expected, as
the Curie temperature of the 100 nm BTO is near 120 °C and other phase transitions are found below 120
°C.

Figure 51. The sensor response (capacitance) to a mechanical step load from 0 kPa → 360 kPa as a function of temperature for
BTO filled composite specimens.

Figure 52. The sensor response (capacitance) to a mechanical step load from 0 kPa → 360 kPa as a function of temperature for
PZT filled composition specimens.

The PZT filled composite specimens 3 and 4 displayed a rise in capacitance at 0 °C, and
specimens 2 and 5 showed a similar rise at -80 °C. The cause of these increased capacitance levels is
believed to be caused by leakage currents which did not percolate through the entirety of the specimen,
resulting in a reduced equivalent thickness and increasing the capacitance. As shown in figure 53, the
capacitance of some specimens jumps between the expected magnitude, and the elevated magnitude under
discussion. It is believed that PZT particles may have temporarily aligned in the microstructure, causing
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the theorized reduction in the equivalent thickness caused leakage currents. While specific deformation
characteristic of cross-linked polymers is under debate, it has been reported that nonaffine strain (not
uniform along the axis of stress application) occurs on a microstructural level for highly flexible polymers
up to the point of rigidity percolation of the network (when pores collapse to the point that non-porous
mechanical properties are restored to the bulk material despite the persistence of a porous phase) [187].
Additionally, it has been shown that mechanical properties of the cross-linked material decay with
increased volume loading of the filler. This finding is contrary to the expected results, and is believed to
be caused by reduced cross-linking with increased filler concentrations [188]. However, this theory lacks
concrete evidence due to a lack of detailed knowledge of the microstructure, and requires additional
knowledge of the nano-scale mechanical properties to be expounded.

Figure 53. Sensor response (capacitance) of PZT filled composite specimen 3 at -80 °C, exhibiting sporadic behavior over the
course of 10 step loads from 20 kPa → 360 kPa. This behavior was caused by partial leakage currents between PZT particles
within the bulk

At 120 °C, the PZT filled sensor composition exhibited a normal response under 20 kPa, but was
found to short circuit at 360 kPa. Specimen 3 of the PZT filled sensor composition was the only one
which did not short, as shown in figure 53. The other specimens did not experience visible degradation,
and the response immediately returned to normal when the pressure was reduced to 20 kPa. An
industrially manufactured PZT (Piezo Kinetics Inc., PKI-502) with a particle size of 1 µm was substituted
and tested for comparison, yielding identical results. The sensor thickness was increased from 9 µm to 18
µm, which delayed the time to shorting, but did not enhance the long term properties of the senor under
repeated loading of 120 °C and 360 kPa. At 80 °C, specimen 5 was the only one to short circuit under
pressure. The remaining specimens performed well at 80 °C, not experiencing shorting. In contrast, no
specimens with the BTO filled composition experienced shorting.
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Purely ceramic PZT films of a similar thickness (~10 µm) used for micro-electromechanical
systems have been found to short circuit unexpectedly and without explanation in literature [189] [190].
Further review of advanced dielectric properties in random access memory applications provides a
thorough and detailed explanation of variables affecting the breakdown voltage in dielectric materials. A
summary by J.F. Scott shows both analytically and experimentally that increased temperature linearly
decreases the breakdown voltage of a capacitor [191]. This explains the cause of the short circuit found
to occur only at elevated temperatures.
While the reduced film thickness linearly increases capacitance, it is found to exponentially
increase leakage currents which cause the breakdown current. The breakdown time was also shown to
rise exponentially with reduced voltage. The combination of these effects explains the delayed time
required for shorting of the thicker sensors. While Scott did not show experimental results for BTO, he
showed that the breakdown current for PZT is significantly lower than that of barium strontium titanate
(BST) given identical processing and environmental conditions. This further strengthens that theory that
PZT was the cause of the short circuit experienced.
J.F. Scott also showed that the breakdown current was linearly dependent on the electrode work
function, with BST between aluminum electrodes (which were used in this work) having a breakdown
voltage four times lower than the same BST film between platinum electrodes. Additional specimens
were prepared, sputtering 500 nm of platinum onto Kapton® film and casting the sensor composition as
previously described. The PZT filled composite specimens were prepared on platinum electrodes as
shown in figure 54. Since the ‘sandwich’ style electrical contacts could not be used (Kapton® film is not
conductive) the back contact was prepared by placing copper tape on the platinum lead, and soldering the
silver micro-wire directly to the lead (figure 54). There were no notable improvements found in
specimens prepared on platinum electrodes, though future work should include substitution of the active
arm electrode from copper foil to platinum foil.
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Figure 54. A piece of Kapton® film was used as a substrate, with platinum electrodes deposited by DC sputtering, and PZT filled
sensor composition cast using a mayer rod.

Room temperature testing was performed to evaluate the character of the two sensor
compositions (quasi-static relationship between stress and capacitance). Using the final loading ramp
from the 10 cycle loading sequence applied to each specimen, a summary of results was compiled in a
capacitance versus stress plot for BTO and PZT filled compositions in figures 55a and 55b, respectively.
As with thermomechanical testing, both the BTO and PZT filled compositions gave similar trends, with
PZT filled compositions having a slightly higher capacitance. The non-linear, strain hardening trends
were expected on account of the porous phase. The sensor character increases in linearity with applied
stress as strain causes pores to collapse, and the flexible polymer network approaches the point of rigidity
percolation [187]. Both compositions displayed an excellent response to mechanical loading, nearly
doubling in capacitance under the applied stress. The sensors also displayed excellent resistance to noise,
as the raw, unfiltered data plotted in this work shows a signal-to-noise ratio of over 500 on average.
The effect of ceramic fillers and porosity on the sensor response were demonstrated by
characterizing a single phase polymer film. Using Arathane 5750 free of solvent or any other additives, a
thin-film was cast using identical methods as the composite sensor fabrication. These unmodified sensors
were characterized at room temperature, showing the capacitive response to a quasi-static load application
(Figure 55c). The initial, unloaded capacitance was slightly lower than the three phase sensors. More
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importantly, the unmodified polymer capacitive response under mechanical loading was ~7 times lower
than the modified sensor compositions. The non-porous films were expected to display a linear capacitive
response to the load application. However, casting the solvent free material resulted in a viscous ink
which maintained the ridges inherently formed during casting with a mayar rod. These ridges were
equivalent to porosity, resulting in non-linear trends. While the specimens character differed because of
inhomogeneous ridge patterns, the overall trend showed increased linearity as compared with the porous
counterparts.
An observed degradation of the sensor microstructure causing notable changes in the sensor
response across sequential runs in a loading schedule, referred to as sensor drift, was observed upon initial
loading of sensor specimens. Shown in figure 56, this drift is demonstrated by showing a change in the
capacitive response of a single sensor specimen during the first ten loading schedules after fabrication.
Large changes in the capacitive response during initial loading runs for the composite, three phase sensors
(figure 56a and figure 56b), indicate notable changes to the sensor microstructure.
The capacitive response of the composites sensors maintain the same basic trendline, changing
primarily in overall magnitude (the capacitance is slightly increased with sequential loading runs). Since
composition of the composite does not change between loading runs, the permittivity of the material
should be constant. Therefore, it is reasonable to assume that collapsing of the pores is directly
responsible for the increased capacitance between runs (sensor drift) through the mechanism of decreased
film thickness. This drift is not a concern however, as drift is shown to be negligible after only a few
loading cycles. The unmodified Arathane 5750 thin-film shows almost no changes in the capacitive
response between loading runs (figure 56c), further indicating that the complex three phase system is
responsible for the observed drift.
After performing 100,000 loading cycles from 16 kPa to 280 kPa, the sensors were again
characterized using a loading rate of 120 kPa/min. The trend for each specimen is plotted before and after
cyclic loading (figures 57 and 58), showing the effect of the loading schedule on the magnitude and trend
of the sensor response. The capacitance of the preloaded specimens was expected to increase after the
application of cyclic loading, as collapsing pores and degradation of the microstructure reduce the
thickness of the film. However, comparison shows that the sensor response under preload was not
significantly affected by cyclic loading. The sensor response was also expected to decrease as reduced
porosity, plastic deformation on pore boundaries, and settling of the microstructure increased the elastic
modulus. Both BTO and PZT filled compositions experienced similar degradation, with the response
diverging by an average reduction of 5 pF with application of a 360 kPa load.
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Figure 55. Capacitive response of five specimens for each sensor composition under quasi-static load application at room
temperature: a) BTO filled compositions, b) PZT filled compositions, and c) unmodified Arathane 5750.
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Figure 56. Ten loading runs performed on specimen 1 for each sensor composition showing the capacitive response under quasistatic load application at room temperature: a) BTO filled compositions, b) PZT filled compositions, and c) unmodified Arathane
5750.
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Figure 57. Sensor response (capacitive) of BTO filled sensor composition before and after undergoing 100,000 step loading
cycles from 20 kPa → 360 kPa.

Figure 58. Sensor response (capacitive) of PZT filled sensor composition before and after undergoing 100,000 step loading
cycles from 20 kPa → 360 kPa.

Using a load of 360 kPa, specimens were loaded for 24 hrs to evaluate sensor drift of static loads
in atmospheric conditions. During the course of the long term load, specimens experienced some isolated
points of noise. The data was processed with simple filter and smoothing techniques, which implemented
a 3 point floating average and removed single outlying points further than 1 pF from the neighboring
average. An average of 5 outlying points per hour was removed from the data, resulting in the results
shown in figure 59.
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Figure 59. Sensor response over time for BTO filled (left) and PZT filled (right) compositions, with an applied static load of 360
kPa.

Results show that the PZT filled composition to have a greater capacitance than the BTO filled
composition, as was observed with previous loading schedules. Error in the sensor response was found to
be similar for both compositions when compared with the initial response, experiencing combined
hysteresis and drift of 10 % of the initial sensor response on average. The character of these errors is
observed in more detail in figure 60, where the capacitance of each specimen is normalized by its
maximum. It is believed that the initial change in capacitance during the first few minutes is dominated
by viscoelastic properties of the polymer material, known as a rate dependent hysteresis. This hysteresis
is removed after unloading of the specimen, where drift is caused by damage of the microstructure which
permanently alters the response. Work in literature has shown that the elastic modulus, internal stress,
and strain vary along the transverse axis of the polymer film when it is rigidly bound to a metal substrate
[61]. It is believed that these attributes contributed the viscoelastic effects observed here. These effects
could be reduced in future work by implementing a substrate similar to that shown in figure 54.
During the next 4 h of testing, the magnitude of the subsequent error exponentially decays, as the
viscoelastic creep effects are reduced and the drift effects begin to be introduced. Drift is caused by the
shifting and settling of the nano-particles, and creep in the polymer microstructure resulting in plastic
deformation around pore boundaries. The composite films containing BTO filler experienced greater
error during the first 4 h, indicating increased viscoelastic effects. Preparation of the filler’s surface
chemistry in nano-composites is known to affect the mechanical properties more significantly than other
factors [87], and is likely the cause of this error. As discussed in section 5.2.1, the surface chemistry of
PZT particles were carefully prepared and BTO particles were used as received from industry.
The breakdown voltage of the films continued to effects the results, as some specimens continued
to short during loading. Seen in figure 59, PZT filled composite specimen 4 and BTO filled composite
specimen 2 experienced shorting after a small amount of time, and PZT filled composite specimen 2
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failed entirely. For this reason, it is believed that leakage currents also contributed to progressive error in
the sensor by reducing the equivalent thickness of the films as creep and settling/shifting of the filler
promoted localized leakage by reducing inter-particle spacing.

Figure 60. Normalized sensor response over time, with an applied static load of 360 kPa.

After completing all loading cycles, the cross-section of the film was observed using a SEM. The
micrograph in figure 61 shows no notable changes to the thickness or microstructure of the film, nor any
microscopic change in the adhesion between the film and the aluminum substrate.

Figure 61. SEM micrograph showing cross-section of PZT filled composite specimen 1.
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Testing for outgassing did not show any mass loss, though two sets of specimens showed a small
mass gained (table 1). The cause of this error is not believed to be contamination, but rather inconstancy
with the weighing scale at small magnitudes. Assuming the weight of the sensor composition is the
difference between bare aluminum substrates and the sensor specimens, approximately 17.5 mg of
material was evaluated for each composition. If the error found between the reference material
(aluminum substrate) and sensor composition is assumed to be the maximum weight loss which could
have occurred (0.1 mg), the maximum total mass loss (TML) would have been 0.57%. The maximum
TML for meeting the referenced standard is 1%, which means the composites passed by a factor of almost
2.

Table 6. Outgassing data for BTO and PZT filled compositions.

Weight

BTO Filled Composition PZT Filled Composition Aluminum

Before Vacuum (mg)

148.5

148.6

131.5

After Vacuum (mg)

148.5

148.8

131.6

The final sensor composition was implemented into a preliminary sensor packaging design,
demonstrating preparation of a flexible sensor array. The sensor packaged consisted of 5 layers (figure
62), making use of the proposed platinum electrodes and elastic Kapton® film substrate. A four sensor
array was used to demonstrate the ability to recognize spatial distribution of forces. Increased spatial
resolution can be attained by simply modifying the electrode pattern on which the sensor film is cast.
Embedding of the sensor package was proposed for protection from environmental effects such as
electron bombardment, radiation, atomic oxygen, and damage caused by point concentrations during
metal-on-metal contact. Shown in figure 63, a minimally intrusive design was proposed for a two sensor
array using stainless steel foil to shield the sensor array.
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Figure 62. Proposed sensor package for applied use of sensor composition.

Figure 63. Proposed technique for minimally intrusive embedding in existing end effectors.

5.5. Conclusions
The design of a high dielectric, low elastic modulus composition was proposed using a 0:3:3 connectivity
ceramic/polymer/porous composite. Variables such as composition, volume content, and size distribution
of constituents were carefully optimized. Considerations for variables included effects on mechanical,
thermal, and electrical properties on both a micro and macro level. Realization of the proposed sensor
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composition was achieved by using combination of industrially available materials and in-house synthesis
of nano-particle PZT. Selection of appropriate processing methods, including substrate and electrode
properties, were defined as important parameters in the design. Two final sensor compositions were
fabricated, differing by the composition of the filler material. The preferred filler composition was PZT,
which is not prone to thermal drift in the desired temperature range but experiences a low breakdown
voltage. BTO was used for its increased breakdown strength, despite having a Curie temperature near the
desired working range.
Following fabrication of the proposed sensor, characterization was performed. Testing included
thermomechanical loading, room temperature characterization of the sensor response trend, cyclic
loading, long term loading, and outgass testing. The results showed that the PZT filled composition
reached the breakdown voltage with combined thermomechanical loading of 120 ºC and 360 kPa, causing
the sensor to short. However, reduction of the either the thermal or mechanical load restored functionality
to the sensor without permanent damage. Otherwise, both compositions performed well under the
simulated space conditions. As compared with the BTO filled composition, PZT filled composite
specimens exhibited a higher response, reduced thermal drift, and increased linearity in creep effects
during long term loading. Applied use of the sensor composition was carried out by implementing
flexible electrodes, and flexible electrically insulating packaging. Protection from additional
environmental effects was proposed by embedding the sensor package into the metal end effector, using a
minimally invasive approach.
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Chapter 6. Embedded sensor design and future work.
6.1. Introduction
The NASA Goddard Space Flight Center (GSFC) Robotic Refueling Mission (RRM) is preparing for
docking of robotic systems on satellites in earth orbit, performed by grappling of the marman ring which
is mounted on all satellites for deployment into space. This process is being demonstrated in a lab
environment, using a mock satellite configured on an automated robotic space simulator as shown in
figure 64. Force and spatial awareness is necessary to properly grasp the marman ring, providing
knowledge of contact force, timing, and spatial distribution of forces.

Figure 64. A marman ring mounted on a mock satellite, with an automated robotic space simulator for lab demonstrations of
proposed in-orbit tasks.

The marman ring gripper tool (figure 65) was designed specifically for initial grappling of satellites in
earth orbit, allowing for secure docking of the robotic equipment for refueling and repairs. The area
highlighted in orange signifies the locations where force and spatial awareness information are necessary.
The contact surfaces in this task will endure high forces, metal-on-metal contact, and strict geometry
requirements.
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Figure 65. NASA GSFC RRM Gripper tool for docking robotic equipment on the satellite marman ring for refueling and repair
of satellites in earth orbit.

The simple implementation of a thick-film sensor packages does not present a large enough compliant
layer to distribute point forces between the metal gripper tool and metal marman ring. Machined metal
surfaces can surface defects in the range of 25-150 µm, creating point and line concentrations in the
sensor film. The resulting force concentrations are difficult to quantify, and could damage the sensor
package over time. For this reason, an additional compliant layer is necessary for implementing the
capacitive sensor film in the marman ring gripper tool. However, strict requirements prevent the
implementation of additional compliant material. Such a layer would distort the carefully designed
gripping geometry, preventing proper docking, as well as introducing chattering into the automated
grappling algorithm.

6.2. Experimental
The NASA RRM marman ring gripper tool was used as a potential force sensor array recipient for
demonstrating the sensor embedding process. In order to make use of existing gripper tools, rather than
designing and manufacturing new gripper tools, a small cavity was milled into the contact area of the
gripper to provide a small depth for embedding sensor materials. This also allowed for an additional
compliant layer, used to distribute point concentrations from contact with micro-roughness on metal parts.
The actual gripper tool was not available for modifications and lab testing, so a model was fabricated.
The dimensions shown in figure 66, this prototype was fabricated from aluminum with a small cavity
machined for embedding of the sensor packages (shown in red). The machining of cavities for the
prototype was performed using 1/8 in and 1/16 in end mill bits, allowing for large radius edges to simplify
the machining process. The completed prototype, with milled cavities for embedding, is shown in figure
67.
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Figure 66. Gripper tool prototype, with dimensions matching the docking area shown in orange in figure 65. In this figure the
blue represents the aluminum bulk material, and the red represents cavities machined to a depth of 0.125” providing area for
embedded sensors.

Figure 67. Gripper tool prototype machined from aluminum, with end milled cavities for embedding sensors.

A new sensor package was fabricated to meet the specific needs and dimensions for the embedded
prototype. Characterization of the sensor composition in chapter 3 was performed without a substrate,
and in chapter 4 with a metal foil substrate for ease of electrical acquisition. The sensor packages
demonstrated in chapter 1 were further developed in this chapter, with basic modifications to further
improve the sensor response. The primary difference is that the electrodes were sputtered onto the
substrate films rather than onto the porous sensor composition. This prevented deposition of electrodes
deep into the pores of the sensor composition, reducing the effective thickness of the sensor film.
The fabrication of the sensor package was initiated by depositing platinum electrodes onto Kapton®
film using photolithography processes. The film was placed onto a polished aluminum wafer and covered
in AZ 5214 E image reversal photoresist. The vacuum chuck on the spin coater was then ramped at 330
rpm/sec to 440 rpm, where the 440 rpm was maintained for 10 seconds before ramping at 440 rpm/sec to
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3,000 rpm. The 3,000 rpm was maintained for 15 seconds before the spinner was turned off. The film
was removed and dried on a hot plate at 95 °C for three minutes. The patterned photomask was placed
over the photoresist coated film, and aligned by hand on the film under a OAI UV flood exposure.
Because of the large and simple nature of the pattern, the film was exposed for 10 sec regardless of the
lamp intensity, which can over the lifetime of the bulb. The film was then developed in AZ 310 MIF for
approximately 30 seconds. DC sputtering was performed to deposit a platinum layer approximately 500
nm thick (estimated using a known deposition rate), and an acetone lift-off process was performed in a
sonication bath to reveal the patterned electrodes.
Using the barium titanate sensor composition and mayer rod casting method (9.5 µm deposition
thickness) described in chapter 4, a thin-film sensor composition was cast over the sensor electrodes.
Shown in figure 68, the ends of the sensor electrodes were wiped clean with a clean room cloth wipe after
casting the sensor composition, providing surface area to attached silver micro wires to the sensor
electrodes. The Kapton® film substrates did not wet as well as the aluminum foil substrates during
casting, and they experienced imperfection in the casting surface. This caused sensors to short circuit, as
electrodes were not fully coated by the sensor material. For this reason, after the initial layer of cast
sensor material was deposited and dried, a second layer was cast. The drying process was carried out
precisely as described in chapter 4. Two identical films were prepared, and one film was cast with a third
layer of sensor material before sandwiching the two films. The films were pressed tightly together and
dried to create the final sensor package. After full sensor package was dried, a laser cutter was used to
trim the individual sensors from the un-connected array. The flexible silver micro-wires were added
using silver epoxy.

Figure 68. Kapton® film substrate, with platinum electrodes and BTO filled sensor composition cast using a mayer rod (9.5 µm).
The sensor composition was wiped from the electrode tips, providing access to mount silver micro-wires.

The completed sensor package was placed within the gripper tool cavity, surrounded on either side by
a 127 µm (5 mil) thick Mylar® layer to further increase the sensor life by removing frictional forces. The
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Mylar® film was also used to reduce the remaining cavity space. A 1/16 in silicone rubber was fit within
the cavity, which protruded from the gripper surface by a small amount because of the underlying layers.
The intended purpose of partially protruding the silicone layer was to allow for the layer to be collapsed
below the surface of the gripper tool upon overloading, transferring forces to the surrounding metallic
gripper and protecting the sensor from accidental overloading during grappling.
A metallic layer was used to contain and protect the embedded layers, shielding from electron
bombardment, atomic oxygen, radiation, and harsh abrasion. In order to minimize the thickness of the
metal foil, it was necessary to utilize a dense, stiff metal foil. Both aluminum and stainless steel foils
were found to easily deform, though titanium displayed excellent strength properties as a protective
sheath. The titanium foil was formed with hillocks before installation, using a hydraulic press. A
Mylar® film was adhered to the foil using double sided tape. The film was then patterned using a laser
cutter, and excess film was removed. The metal foil was placed into a hydraulic press with the patterned
Mylar® film below, and a 1/8 in silicone rubber atop. The layers were then pressed to 5 metric tons,
introducing the desired hillocks. The full embedded sensor prototype can be seen layer-by-layer with a
cutaway view in figure 69. The full two sensor package in the gripper tool model is shown in figure 70.

Figure 69. The embedded sensor prototype, shown with a cutaway view to reveal the sensor package, silicone compliant layer,
and titanium foil cover.

105

Figure 70. The fully complete marman ring gripper tool prototype, hosting two sensors.

Characterization of the embedded sensor array was performed by applying a mechanical load, and
acquiring the electrical response (capacitance) of the sensor. In order to fully understand the effects of
embedding, the sensor was characterized: 1) as a bare film, 2) within the gripping tool cavity with a
silicone layer, 3) fully embedded with the metal foil as depicted in figure 71. In this way, the effects of
each constituent could be more fully explored. The mechanical load was applied with a Shimadzu AGSX loading stand.

Figure 71. The three different testing configurations: 1) bare sensor package, 2) embedded sensor with rubber compliant layer,
and 3) fully embedded sensor with metal foil cover.
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The upper (active) compression clamp was used as received from Shimadzu. In order to prevent
accidental overloading from metal-on-metal compression forces after collapsing the small compliant layer
in the embedded sensor, additional compliant layers were added in series. Shown in figure 72, the lower
(static) clamp was prepared with compliant layers and a flat aluminum plate, providing both a buffer
against accidental overloading during compression and metal-on-metal contact surrounding the embedded
sensor prototype. Data acquisition with the LCR meter was performed at 1 V, 200 kHz, and was achieved
by soldering the silver micro-wire directly to the LCR leads.

Figure 72. The Shimadzu testing setup with stock compressive clamps, the lower (static) clamp having been prepared with two
compliant layers to prevent accidental overloading from metal-on-metal contact.

The mechanical loading was applied with a constant rate of displacement, rather than a constant load
rate. This was done to promote safety and prevent accidental overloading of the electromechanical
equipment, which could be caused by automated movement of the active clamp which accelerates the
displacement speed to meet the requested loading rate. For the bare film sensor, a displacement rate of
0.25 mm/min was used, and the test was completed with a load of 250 N. A rate of 0.5 mm/min was used
to apply a final load of 250 N for both the embedded sensor with rubber, and the fully embedded sensor
with added titanium foil.
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The Shimadzu data acquisition for force load was achieved at a rate of 10 Hz, while the frequency for
the LCR capacitance data varied, with an average acquisition rate of ~3 Hz. In order to plot the sensor
response (capacitance) as a function of applied stress (force/area), two steps were taken. First, the force
data was interpolated to provide approximate force data for each LCR time stamp. Second, it was
assumed that all applied forces were perfectly distributed across the sensor face without any parallel
contact of the active clamp on the gripper tool. This allows for a distinct surface area for load
distribution in the stress calculations. The error in this assumption appears as an apparent loss in
sensitivity, as additional force is applied and the capacitance does not change accordingly.
The order in which specimens were tested was alternated, preventing any potential progressive
damaged caused during the loading schedule from being improperly correlated with a specific embedding
constituent. Specimens A and C were first loaded in the gripper tool with both the rubber and titanium
foil, where specimens B and D were first loaded in the gripper tool with only rubber. All specimens were
tested as a bare film as the last step, since this process was expected to damage specimens. A total of
three test runs were performed on each specimen, and four test specimens were tested. All test specimens
were embedded within the same gripper tool prototype.

6.3. Results and Discussion
The combined capacitance and force data is displayed in figure 73, showing the sensor response
(capacitance) as a function of stress (force/area) for the bare film, the sensor embedded beneath rubber,
and the sensor fully embedded with titanium foil. Each of the four specimens are plotted. The plot
reveals the basic trends for each embedding constituent. When tested as a bare film (blue trendlines),
specimens A, B, and C experienced a small change in capacitance. This indicates that the applied stress
was not fully applied to the sensor face, but was partially maintained in parallel by contact of the two
metal plates. In specimen D, the bare film experienced an excellent response, followed by sporadic
behavior. It is believed that in this case the film was under a point concentration, causing excessive
compression in an isolated location, which caused infrequent leakage currents.
After embedding the specimens within the gripper tool prototype and rubber compliant layer (green
trendlines), results were improved. Specimens A, B, and C show an increased response, with less noise
from leakage currents. Specimen D showed similar results as when it was tested bare (without
embedding), and experience a short circuit with stress lower than where leakage currents were observed
when tested as a bare film. This is a result of the rubber layer applying the full compressive load onto the
sensor film, while the actual observed stress on the bare film is not accurately portrayed on the x-axis
since parallel loading occurring directly between the clamps bore some of the load.
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The addition of titanium foil over the rubber compliant layer more significantly contributed to
dispersing point loads than the rubber compliant layer did on its own. A notable increase in sensitivity
was observed in specimens A, B, and C, though specimen C short circuited at high loads. Additionally,
the range at which the sensor could quantify the force magnitude was extended with metal foil for
specimen D.

Figure 73. A total of four sensor specimens (a-d) were tested in each of the three testing configurations. Each configuration is
plotted for a single specimen, showing the difference in the sensor response (capacitance) under an applied stress.

The combined force and capacitance data for specimen A is displayed in figures 74-76, where the
three consecutive loading schedules are displayed showing the sensor response (capacitance) as a function
of stress (force/area) for the bare film, the sensor embedded beneath rubber, and the sensor fully
embedded with titanium foil respectively. The bare film experienced noise and large spikes in
capacitance during every run, demonstrating the anticipated leakage currents from point concentrations of
the applied load. However, long term damage did not appear to be sustained, as successive runs did not
display large amounts of drift in the response.
The embedded sensor with a silicone rubber compliant layer displayed excellent results, having
negligible noise and drift. This shows that the compliant layer was successful in distributing point
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concentrations. However, as previously noted the sensor sensitivity (change in capacitance) was not
significantly improved. It is theorized that point concentrations were only partially dispersed, resulting in
largely anisotropic loading of the sensor face despite the improvement in stress distribution.
The additional of a titanium foil cover on the embedded sensor significantly increased the total
change in capacitance over the full stress application. A small amount of noise was observed with the
addition of the foil, and a large drift and same spikes in capacitance were observed in the first run. This
drift was likely not caused by changes in the microstructure of the sensor composition, since such changes
would be expected to occur more significantly from the bare sensor, and none were observed. This drift,
which occurred during the first loading schedule, is believed to have been caused by the titanium film
being contoured to the rubber compliant layer. After being intimately conformed to the rubber compliant
layer, no additional changes were observed.

Figure 74. Sensor response (capacitance) as a function of applied stress (force/area) for specimen A, loaded as a bare film
between two plates of metal.

Figure 75. Sensor response (capacitance) as a function of applied stress (force/area) for specimen A, loaded as an embedded
film within the gripper tool prototype with a rubber compliant layer.
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Figure 76. Sensor response (capacitance) as a function of applied stress (force/area) for specimen A, loaded as an embedded
film within the gripper tool prototype with a rubber compliant layer and titanium foil.

6.4. Conclusions
The NASA RRM marman ring gripper tool was used as a high load, high abrasion, metal-on-metal
contact, harsh environment example of potential space servicing tasks requiring force and spatial
awareness information during grappling tasks. The actual gripper tool was not available for alteration and
lab testing, so a full scale prototype was fabricated which could be machined and tested. Embedding was
performed by end milling a cavity into the gripper tool prototype and inserting a thick-film sensor
package, silicone rubber compliant layer, and containing the contents with a titanium foil overlay.
Characterization of each embedded sensor constituent (thick-film sensor, rubber compliant layer, and
titanium foil) revealed details about the role of item. The bare sensor film experienced a small response
with excessive noise. The addition of a compliant silicone layer reduced noise, and slightly increased the
sensor response. After adding the metal foil, point forces were more evenly distributed across the rubber
compliant layer, and were well distributed over the sensor surface. This full, three-part, embedded sensor
gave repeatable results with little negligible noise and drift.
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Chapter 7 – Conclusions and future work
7.1. Sensor composition

7.1.1. Conclusions
The design of a three phase, porous ceramic-polymer blend, capacitive type sensor composition
consists of many variables, each being optimized between various parameters. In this section, some of
the primary considerations for the design of a robust, thin-film sensor composition for space servicing
applications are summarized.


Polymer matrix – The compliant polymer used as a matrix for the sensor composition should be
free of transition temperatures within, or near -80 → 120 °C. The material should have elastic
properties, with a low elastic modulus to promote strain. Polydispersity of the polymer blend
should be very low, reducing viscoelastic effects and promoting controlled volatility (low
outgassing) of the material. For this reason, use of organic modifiers was not recommended.
Upon curing the polymer matrix should cross link, providing a complex architecture and large
molecular weight to prevent reorganization of the microstructure. The matrix should also have a
high dielectric breakdown strength, and a high permittivity.



Ceramic filler – The ceramic filler material is solely intended increase the permittivity of the
composite sensor composition. Thus, the primary attribute for the ceramic filler is to have an
extremely high permittivity. Despite the low volume loading, it is important for the ceramic filler
to have a high dielectric breakdown strength because of the thin nature of the sensor film. The
filler should also lack major phase transformations within the working temperature range, which
introduce thermal drift in the sensor response. The particle size of the ceramic filler should be
minimized to reduce its effect on the elastic modulus, without being reduced to the point of
introducing the Curie temperature into the working temperature range through the ferroelectric
size effect. Efficient bonding of the filler material with the polymer matrix is achieved through
the use of surfactants or modification of the filler surface chemistry. Such bonding is a major
contributor to increasing the elastic modulus, though this step is necessary to promote film
strength (increasing flexibility and durability). This bonding also plays a key role in reducing
movement of ceramic filler particles within the polymer microstructure, which causes drift in the
sensor response.
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Porosity – A porosity is introduced into the sensor material to further reduce the elastic modulus
and increase the ability to accurately quantify small stresses. The introduction of closed pores
should be avoided, as the enclosed air will seek to vacate upon introduction into the low vacuum
space atmosphere. Closed pores can be avoided by preventing agitation during the mixing
process, which can introduce air. Interconnected pores can be produced by introducing excessive
solvent into the composite ink before the drying process. Careful consideration should be made
when selecting an appropriate solvent, as many solvents will persist in the material after the
drying process, and compromise the controlled volatility polymers. Generally xylene or toluene
will not affect the outgassing properties.



Volume loading – The precise content of each constituent has been carefully considered both
analytically and experimentally. Of the solid loading (ceramic-polymer), a ~10 vol% loading of
ceramic filler should be used to maximize the bulk material permittivity, while minimizing its
effect on the elastic modulus. Of the three phase material, ~25 vol% porosity should be used to
reduce the elastic modulus, and minimize the reduction in strength and permittivity.



Thickness – The thickness of the sensor material is the fastest and easiest way to increase the
sensor response for a given surface area. It is important to reduce the surface area as much as
possible without compromising the dielectric breakdown strength or mechanical strength of the
sensor. In this work an optimal sensor thickness of ~9 µm was identified to be optimal, though
high force, high temperature applications still exceeded the breakdown voltage occasionally.

Additional modifications were examined without further improvements to the sensor response. For
example, the introduction of a conductive filler material has been shown in literature to notably increase
the permittivity of a bulk material with a volume content just below the conductive percolation threshold.
However, the addition of conductive, high modulus materials would reduce the dielectric breakdown
strength and increase the elastic modulus of the bulk material, proving counterproductive.

7.1.2. Future Work
An extensive and thorough sensor composition was designed, fabricated, and characterized in chapters 35 with excellent results. With the conclusion of the latest design iteration thermal drift continued to
persist, introducing error into the sensor response. While this error was improved with the use of PZT
ceramic filler rather than BTO, further improvements could be made by evaluating alternate polymer
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matrix materials. For example, NuSil controlled volatility silicone polymers show excellent potential for
use as compliant matrix material.
The primary limiting factor in reducing the sensor thickness, and subsequently increasing the
capacitance of the sensor, is increasing the breakdown voltage of the sensor material. The BTO filled
compositions exhibited a significantly higher breakdown voltage than the PZT filled compositions. For
this reason, it is suggested that the filler material be targeted to achieve an increased breakdown strength,
despite the small volume fraction of the ceramic filler in the three phase composite. Alterations, such as
the introduction of zirconium in BTO, have shown notable increases in the breakdown strength of bulk
ceramic materials, and could allow for reduced thickness of the sensor film.

7.2. Sensor packaging

7.2.1. Conclusions

A number of substrates were evaluated for depositing the sensor composition. When cast in the
single micron range, the sensor composition experienced a rate dependent hysteresis. This was caused by
pinning of the film on the stiff substrate, which caused the elastic modulus, internal stress, and strain to
vary. This error was removed by creating a release agent and removing the sensor film from the
substrate, resulting in a free standing film. However, the thin-film was delicate and difficult to handle.
Use of a compliant polymer substrate is recommended, such as Teflon® or Kapton® film. These
substrate provide a strong, durable substrate without alternating the mechanical properties of the film.
Electrodes were constructed from aluminum, copper, gold, silver, and platinum. Aluminum and
copper were found to oxidize, reducing conductivity, and decreased the dielectric breakdown strength of
the sensor package because of their decreased work function. Both silver and gold worked well, but
platinum electrodes demonstrated the best resilience and dielectric breakdown properties. Electrode
deposition should be carried out by DC sputtering, since printing of particulate electrodes decreases
electrical and strength properties. Flexibility and conductivity are best optimized with a deposition
thickness in the range of 500 nm, where thicker electrodes experience cracking and thinner electrodes
begin to lack interconnectivity on the film surface when deposited with DC sputtering..
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7.2.2. Future Work
Many sensor packages were discussed in this work with considerable improvements having been made,
though there is still much room for further development. In chapter 2 a process was developed using
PVA as a release agent, which allowed for films to be cast using a spin coating process and removed in a
hot water bath. Using this method, a new method is proposed to create a sensor package with a total
thickness of ~30 µm, and increased flexibility.


Release agent: dissolve PVA in water, spin coat onto silicon substrate and dry.



Substrate: reduce a controlled volatility polymer with xylenes, and spin coat to a thickness of 10 µm.



Electrode: Using photolithography processes, deposit a 500 nm platinum electrode pattern.



Sensor: Using a mayer rod, cast the desired sensor composition to a thickness of 9.5 µm.



Boundary layer: Heat a substrate and place it on the spin coater vacuum chuck, increasing the speed
to sufficiently overcome gravitational forces with centrifugal inertia. Reduce the viscosity of the
substrate polymer with xylenes and apply after the vacuum chuck has reached the necessary speed.
With proper optimization of the polymer viscosity and spinning speed, a very thin layer could be
adhered above the porous sensor composition, preventing subsequent electrode deposition from
entering the pores.



Electrode: Using photolithography processes, deposit a 500 nm platinum electrode pattern.



Substrate: reduce a controlled volatility polymer with xylenes, and spin coat to a thickness of 10 µm.



Releasing: Soak the substrate in a hot water sonication bath until the PVA is dissolved.

The Huntsman polymers were not wet by AZ 5214 E IR photoresist, even with assistance from
HMDS, and thus this process was abounded. Identifying an alternative polymer which adheres to the
photoresist could allow for the realization of this design.
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7.3. Embedding

7.3.1. Conclusions

Embedding of the sensor package provided excellent stress distribution without compromising
sensitivity. With metal-on-metal contact the bare sensor packaged experienced a small change in
capacitance with excessive noise in the signal. This was caused by a combination of point concentrations
on the sensor face, and parallel loading directly between the metal plates (offset from the sensor face).
After the addition of a rubber compliant layer and a metal foil cover, a small hillock was introduced to
promote contact over the sensor face (preventing parallel loads offset from the sensor face) and point
loads were distributed across the sensor face. The result was a significant improvement in the sensitivity
of the sensor, and a large reduction in signal noise.

7.3.2. Future Work
As previously discussed, the compliant rubber silicone layer was protruded from the aluminum gripper
prototype a small amount. This design concept was intended to protect the sensor package from being
overloaded, as the compliant layer would displace into the milled cavity below the surface of the metal
gripper tool, and additional stress would then be transferred to the metal gripper. However, the minimally
compressive nature of the silicone rubber caused material to expand under compression through Poisson’s
ratio, making contact with the surrounding sidewalls of the cavity. After making contact on all axes the
silicone had not been fully compressed into the cavity, and overload protection was not achieved.
This design should be improved by allowing room in the axial plane for deformation from Poisson’s
ratio, or by selecting a compliant layer with a higher compressibility. After observing the excellent load
distribution properties of the titanium film, it is suggested that additional high modulus materials be
added to the embedded design. A thin layer of metallic or ceramic material between the foil and
compliant layer could further distribute point concentrations.
An additional embedded design has also been proposed, which replaces the need for a metal foil or a
stiff underlying layer for stress distribution. This design could not be used in the marman ring gripper
tool because of strict geometrical requirements in the grasping surface for the specific task. The concept
includes a pixelated gripper, where metallic pixels are installed directly into the metal gripper tool. A
cross sectional view of a single embedded sensor is shown in figure 77, showing the metallic pixel with
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underlying compliant layer and sensor package. Note that the pixel extends beyond the edges of the
compliant layer, where small steps in the gripper tool are machined. This design provides the same
overload protection which was presented in chapter 5. As the compliant layer is compressed, a metal-onmetal contact is achieved to prevent further compression. This design will experience the same
shortcoming as was discussed in chapter 5, where strain introduced in the axial plane through Poisson’s
ratio could cause the compliant layer to achieve an incompressible state.

Figure 77. Cross sectional view of proposed embedding design for pixelated metallic contact points in a gripper tool, providing
distribution of point forces and protection from overload through a compliant material.
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